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PREFACE 


T his book is intended pmnanly for students of Physics, 
but enough has been included of Helmholtz’s Theory 
of Consonance to make it adequate also for students of 
Music Those •who uish to hunt themselves to the more 
purely physical parts of the subject may omit everythmg 
after § 263, "vvith the exception of ^ 279 and 280 As the 
later chapters vnU have little mterest for readers •vnth no 
acquaintance ■with Music, it has not been thought necessary 
to define all the musical terms that are used Chapter X'V'i 

includes many details of the construction and use of 
musical instruments that cannot be regarded as necessary 
to be knoTvn either by students of Physics or of Music 
The greater part of the chapter is mtended mainly for 
those "who play in orchestras, and "who vush to kno'w some- 
thmg of the principles underlying the construction of their 
instruments 

Certam sections of the book are marked •with an 
asterisk to mdicate that they are of a rather higher 
standard than the remaimng sections They can be omitted 
by readers -who ■wish to acquire only an elementaiy know- 
ledge of the subject, but m most cases the result reached 
should be known, even though the proof of that result 
is not read. 

The wnter of an elementary Text-Book on Sound suffers 
fiom the disadvantage that many of the ,most ordmary 
phenomena cannot be explamed adequately without the 
use of mathematics of a somewhat advanced type Con- 
sequently the argument cannot be presented m a logicall 7 
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continuous tomi, and the leader is fiequently called on 
to accept statements the leason for nliicli cannot be given 



duction to the inoie analytical tieatis^s, such hs those 
of Prof E H Baiton and Loi-d RayleiglK^ ' 

I am greatly indebted to Mr T G Beijford,'^ the 
general editor of the Cambridge Physical Sene^^Oi the 
valuable help he has given me throughout the prepara- 
tion of the book I have also to express my thanks to 
Prof E H Baiton for permission to make certain extracts 
from his Text-Book of Sound, to Ml D J Blaikley for much 
information concemmg musical instruments, and to the 
authorities of the Universities of Cambiidge, London and 
Diiblm and the National Univei'sily of Ireland for per- 
mission to make use of questions set in the examinations 
of those Univeisities 
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CHAPTER I 


NATURE OF SOUND 

1 Meanings of the word Sound The word Sound 
has two meanings in everyday life When we say we hear a 
sound, we refer to the sensation When we say that sound 
travels faster with the wind than against it, we lefer to some 
physical phenomenon external to ourselves The two meanings 
of the word rarely lead to ambiguity, and no attempt will be 
made to distmguish the two ideas by different expressions 

2. Velocity of Sound Many of the facts relating to 
sound can be readily deduced by observation of what is going 
on around us, without the need for special appliances 

It IS a matter of common observation that sound travels 
much more slowly than hght The 6ash of a gun a mile away 
IS seen about 5 seconds before the report is heard, and there 
IB often a considerable interval between a flash of lightnmg 
and the resulting thunder-clap The methods of measuring 
the velocity of sound will be discussed later It will then be 
seen that the velocity in air at ordinary temperatures is about 
1100 ft per second, and knowing this it is easy to form an 
estimate of the distance of a thunderstorm, by observing the 
interval between the lightning and the thunder The velocity 
of light is so great compared with that of sound, tbat for the 
purpose of this observation the time taken by the light m 
travellmg from the electric discharge to the observer may be 
neglected 

3 Medium by which Sound is earned If sound 
IS earned from its source to the observer by matenal sub- 
stances, it IS clear that air must be one of these substances , 
for when a rocket explodes in the air, or an aeroplane passes 
by, the sound is heard, though there is no matenal substance 
between the source of sound and the observer, except the air 

0 8 . 1 
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It might be argued that i\o can also sff the roohet 
explode, and it ib obvious that the light by which we see it 
does not need the presence of air for its propagation, for wo 
can also see the stars across space, which wo liohoic to lie 
devoid of air 

A simple experiment, howo\or, will show that air or some 
other form of matter is essential for the conduction of sound 

4 Experiment witli an exhausted bell-jar. Place 
an electric boll or a small alarm clock on the plate of an air- 
pump, and cover it with a bell-iar If the air is now piimpwl 
out, the sound henid will be somewhat weaker, showing that 
the air took at least some part in the propngation of tliu 
sound Next repeat the experiment, but place a pad of soft 
felt under the bell, or suspend it by india-rubber cords, and it 
will bo found that now the sound is scarcolj audible, when 
the ^ir IB pumped out 

('Prom this it appears reasonable to conoludo that the ether 
cannot conduct sound, but that the air ennj Tlie sound 
cannot be made to disappear entirely, for the boll imist bo 
supported by something, and all matonal substances carrj 
sound, though with varying degrees of facility. When the 
clock rested directly on the metal plate of the pump, the 
sound was conie^ed quite readily to the air outside, whilst 
the pad of felt cut it oiT almost ontirch 

5 Propagation of Sound in Solids. Experiments 
to show the piopagation of sound through solids arc easily 
densed Lay a watch on one end of a long rod of wood or 
metal The ticking of the watch w ill be heard w hen the ear 
IS placed near the other end of the rod, but not when it is 
some distance away, from which wo conclude that the sound 
heard m this case is conducted through tho rod, and not directly 
through the air This oxponmont must not be taken as 
proving that the matonal of the rod is a better conductor of 
sound than air The sound communicated directly to tho air 
by the watch spreads out freely in all directions, and rapidly 
grows weaker as it traiels farther from the watch, whereas 
little of that which passes into the rod emerges until it reaches 
the end 
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6 Velocity of Sound in different media A similar 
experiment will shew that sound travels with different velo- 
cities in different media. Stand near an iron rail, whilst 
someone strikes the rail a few hundred yards away Two 
sounds will he heard, one earned by the iron, and one by the 
air It will be noticed that the sound which arrives first 
becomes louder if the ear is placed close to the rad, w hils t 
the other is not affected by the change of position, so that 
we may conclude that sound travels more quickly through 
iron than through air The velocity is in fact about^fi-times 
as great m iron as m air Sound is also earned readdy by 
liquids A person swunmmg under water can hear sounds 
made on the bank, and if two stones are struck together under 
water, a sound is heard in the air above the water 


7. Musical Notes and Noises Sounds are usually 
divided into two classes, musical notes and noises, though 
there is no sharp distinction between the two ^The essential 
difierence is that musical notes have a recoghizable pitch, 
whilst noises have not , but few noises are entirely devoid of 
musical pitch, and few musical notes are devoid of unmusical 
noise^ Drop two pieces of wood of different shape on the 
floor^ What is heard would be classed as noise, yet there 
would be a difierence between the sounds made by the two 
pieces, and a person with a trained musical ear would be able 
to distmguish between them from the admixture of musical 
note with the noise Again, we can generally by close atten- 
tion detect some shght hissing of wind, or scraping, in the 
sound of a musical instrument 


The ear IS in general able to distinguish musical notes of 
different pitches sounded together, but if the notes are verv 
numerous and close together m pitch, they cease to be dis- 
tmguishable, and the resultant sound is described as noise 
that noise is usually such a mixture, where no 
constituent notes is so promment as to give a 
definite sensation of pitch ® 

/8. Sound due to Vibrations A httle considemtioT, 
always takes its rise from some body which 
K inbmtu^ The ordmary method of making a SlS 
give out Its note by strikmg the prongs sSs that what m 


1—2 
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required is to make the prongs vibrate Look closely at them 
when the fork is soundmg, and from the haziness of their 
outline it will be seen that they are vibrating Touch them 
veiy lightly ivith the fingers, and the vibrations will be felt 
Press the fingers moie fiimly on them so as to stop the vibra 
tions, and the sound will cease Similarly it is easily seen 
that a violin or harp produces sound only when a string is 
vibratmg 

The vibrations ivlnch give use to the sound are riot so 
obvious in the case of a wind instrument, such as a flute or 
a trombone, for here it is the column of au which vibrates, 
and not the material of the tube In the case of a large 
organ-pipe the air can be felt to be vibrating, if the hand is 
held near the mouth, and in other cases ivhere the vibrations 
are too small to be felt, they can be detected by appropriate 
methods If for instance a small paper tray with a little sand 
on it IS lowered by a thread into an open organ-pipe with 
a glass panel in its side, the sand will be seen to dance about, 
as soon as the pipe is made to sound 

V? 9 Sound IB a Wave Motion We have seen then 
that sound takes tune to travel from the vibratmg body to 
the hearer, and that it requires some material substance to 
carry it It is clear that when the sound is traiellmg through 
the au it does not consist of a bodily transference of the air 
If one stands m front of a trombone that is being blown 
loudly, no blast of air is fdt, nor does a gale of wmd spread 
outwards from a cannon when it is filed These facts, coupled 
with the observation that sound always takes its nse from 
some body which is vibratmg, suggest that what travels 
through the air is a senes of waves of some kind 

This conjecture is consistent with all the observed pro- 
perties of sound, and is m particulai supported by the existence 
of mterference, that is, by the quenching of sound at certam 
points by the superposition of another sound Hold a vibrating 
tumng-fork to the ear and turn it round slowly with the 
fingeis In certam positions the sound will be almost in- 
audible Whilst it 18 in one of these positions, get someone 
to slip a paper tube over one of the prongs, being careful not 
to touch the prong and stop its vibrations The sound wiU be 
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heaid to swell out agam Tins evpenmeut shews that in 
ceitain positions the sound coming from one of the prongs is 
able to neutralize that coming from the other, and this cleaily 
could not happen, if sound weie meiely a cm rent of air 

The phenomenon will he discussed moie fully in a later 
chapter It is mentioned here as being the kind of evidence 
on which we rely for our belirf that sound consists of wave 
motion 


v/10 Characteristics of a Musical Note. Two 

musical sounds may diffei from one another in thre^ and 
only thiee, ways They may differjn loudness, in pitch, and 
in quality By quality we mean the characteristic which 
Abies' the ear to distinguish, foi instance, between a note 
played on a flute and a note of the same pitch and loudness 
played on a violin 

We shall discuss veiy biiefly the way m which these 
characteristics of a musical note aie related to the features 
of the vibrations that give rise to the note What will be 
said must not howevei be legarded as a pioof of the lelation- 
ships, but lather as a synopsis of what will be moie fully 
proved in the succeeding chapters 


Strike a tuning-foik strongly, so as to 
make it give out as loud a note as possible The extent of 
^bration of the piongs can be seen from the extent of the 
Mzmess at their ends It will be noticed that this amplitude 
grajially diminishes, and that at the same time the sound 
grows weaker Thus it appears that the gieater tlie extent of 
Vibration of the folk, the louder is the sound that it gives 
nf ^ ’’ conclusion may be diawn fiom the vibiations 

of a stretched stnng, such as that of a harp Tlie farther it 
18 drawn aside befoie being let go, the gieater will be the 
mnplitude of its vibrations, and the loudm the sound it wdl 

to suppose that the more widelv th« 
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We need not discuss hoie the exact nature of the air 
waves, nor the exact meaning of the term amjjhtude as applied 
to them The analogy of the famihar waves on water will serve 
our present purpose, though these diEFei in important respects 
from sound waves In the case of uatei waves we mean by 
amplitude the height of a crest 
above the mean level of the 
water 

In Fig 1 AB IS the am- 
plitude of the uppei wave, and 
the two waves differ in no othei 
respect than m amplitude They 
represent, in a way that will 
be explained latei, two sounds 
which have the same pitch and 
quality, but differ in loudness 

V 12 Pitcli A simple experiment for finding whnt 
feature of the vibrations of a body characterizes the pitch of 
the note emitted may be made with Savart’s Toothed Wheel 
A metal disc bos saw-teeth round its circumference, and can 
be rotated at various rates by a handle or a small electric 
motor Turn the wheel at a gradually increasmg rate, whilst 
a card is held agamst the teeth At first separate taps are 
heard, as the card drops from tooth to tooth, but as the 
rate of rotation mcreoses, the taps blend into a harsh note, 
whose pitch rises, as the wheel is made to rotate moie rapidly 
In this expeiiment the card is mode to vibrate by the teeth, 
and the number of vibrations it makes per second depends on 
the rate of rotation of the wheel, whence we conclude that 
«the pitch of a note is determined by the number of vibrations 
iper second of the body which gives out the note 

The apparatus could be used to find how many vibrations 
per second coi respond to any given note, such as that of a 
paiticular tumng-fork. Turn the wheel at such a rate that 
the card gives out the same note as the fork, and count the 
number of turns made by the wheel in a minute. Suppose 
there are 100 teeth on the wheel, and it is necessary to turn 
it 120 times in a minute to give a note of the same pitch as 
that of the fork Then the numbei of taps is evidently 200 per 
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second, and this is the number of vibrations per second requn ed 
to produce the note in question This method, however, is not 
capable of any great accuracy 

We shall shew in a later chapter that, when the sound 
travels from the vibratmg body to the ear through air or 
other medium, the number of waves that reach the eai per 
second is equal to the number of vibrations per second of the 
vibrating body, that waves of all lengths travel with the same 
velocity in any one medium such as air, and that theiefoie the 
/diffeience between a sound of high pitch and one of low pitch 
/may be said to be that the 
r wave-length of the former is 
fi less than the wave-length of 
’ the latter 

Fig 2 lepresents two 
waves of the same am- 
plitude but of differentwave- 
lengths The lower curve 
corresponds to a highei note 
than the upper 



Fig 2 



^ 13. Ziimits of Audibility It should be mentioned 
heie that a musical note is heard only when the number of 
vibrations per second is between certain limits, which are 
different for different persons 

If the vibrations aie slower than about 30 per second 
they do not blend into a note, but aie heard separately 
Even when they are somewhat above 30 per second, they do 
not give the sensation of a note, unless they are of the kind 
known as Simple Harmomc Vibrations, to be described in the 
next chapter 


When the vibrations are very rapid> they cease to produce 
any impression on the ear The sensitiveness of the ear to 
high notes falls off with advancing age Children can generallv 
hear notes with 20,000 vibrations per second, elderly people 
cannot generally hear anything above 15,000 

We conclude then that within these limits the pitch of 
a note depends on the number of vibrations executed per 
second by the body which gives out the sound This number 
IS called the Freq^iency of the vibrations 
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14 TTit erval s I6j}s often requirecl to express numen- 
callj the iclt^ionslitp betfeen the pitehts of two notes, nnd 
we must considei >^&^ls^^he most convenient method of 


measuring the intfen aln 
method fto use tlid chiei 
is the existence ^cer^i:J 
fifth, ete , which^gue 


impression nt uUipmvte pr 
instance.’ is the same iiitCT' 


een,thc notes In deciding what 
& w'hich we lla^e to take account 
iiUferials sueh^as the octal o, the 
^s\s^t and recognizable mental 
^le mnwdal scale A fifth, for 
w'th^feai, whether it bo low 


hateycr measure we 
giio the same 
what the cai 
st then find 
Lbetween the 
fifth is 
Siren 




instnnce|< IS the same ii^tatvalj to Tslie^^^, 
in the bliss or higll in the tre' 14 ^vap'd^i' 
adopt for'^n inten^ , it nnist b^.^^i a 
numerical \i nine ntmnj part, of 
judges to be the siane interval V 
expenmenti^lj whatVeature of the rcl^'^L 
frequencies of tw o no^ forming suph aiih^t*v» ^ a 
constant Tlil^is realilj’' done by the use ©ik^ { 

15 The ^sc plren A circulaj/diso ofxcai^^oard 
or metal is mounW Ln an axle, so J ^ 
that it can bo rotai^ rapidly The / ^ 
disc ho-s several circle^f holes pieiced x. 

through it, and a jet oiSjui from Uie"* 
mouth or bellows can be dirccted'on 
one of the ciixjles by a narrow glass 
tube "Whenever a hole comes in front 
of the tube a puff of air passes through 
the disc, so that wo have a mpid 
succession of pufts, which wnll be found 
to blend into a musical note, and the 
pitch of the note will depend on the 
rate of rotation of the disc, and on 
the number of holes in the circle. 

Let us suppose there aie four 
circles of holes with 40, 60, 60, and 

80 holes in the respective circles Whilst the disc is tuimed 
at a steady rate, direct the jet of air first at the 80 circle, 
and then at the 40 circle The interval between the two 
notes heaid ivill be recognized as being an octal e Turn 
the disc more quickly, and both notes will nse in pitch, but 
the mterval between them will still be an octave. Whatever 
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may be tbe rate of rotation of the disc, the frequencies of the 
tMo notes must be ui the ratio 80 to 40 oi 2 to 1, whence we 
conclude that this vatio, which is called the Vxbration Ratio 
of the interval is characteristic of the octave, and the fraction 
2/1 may be taken as the measuie of the interval of an octal e 

If now we make a similar experiment with the 60 circle 
and the 40 ciicle, wo find the interval is always a fifth, whence 
we infer that the vibration latio of a fifth is 3/2 

If the disc is turned at such a rate that the 40 circle gives 
the middle 0 of ^ the Pianofoite, the fom circles will give the 

common chord of C ^ — If the disc is turned a little 

faster they ivill give the chord of D, and; so on 

16. The Measure of Xntervals. We may conclude 
therefore that, if we have any two notes with frequencies 
m and n, the interval between the notJs may be measured by 
the fraction m/%, for however m and »lnay vaiy, the interval 
wm be judged by the ear to remain the same, provided their 
ratio m/n remams constant 


17. Consonant Intervals, Tins is true of any 
mterral whatever, but ceitain inteivals are found to have 
an effect so pleasing to the ear that they are classed as 
O^onanf Intervals, and have special names assigned to them 
the consonant intervals within the limits of an octave are 

vibration ratios The first five and 


Octave 

Fifth 

Fourth 


Major Third - 

4 


Mmor Third 

0 

Major Sixth ^ 

O 

Minor Sixth - 
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18. The Sum of two Intervals To find tlie ^ ibrn- 
tion ratio of the intcnal obtained by ndrhng togotber two 
intervals wo multipl} togctbui the intios of tbo tvo con- 
stituent intervals. Suppose we have three notes,, which we 
w ill call p, q, and r, and suppose p has the lowest^ and r the 
highest pitch of the three Let us tuid the vibration ratio 
of the interval lietwecn p and r, when the interval between 
p and y IS a fouilli, and the mleiwnl between q and r is a 
majoi third Tlie vibration ratio of a fourth is 1 to 3 and 
that of a major third is .*3 to 1 If then the fi’Cquencj of p is 
taken as umtj, that of q will lie 1/3 Tlie frequenej of r is 
5/4 times ns great as that of y, and is therofore 4/3 x 5/4 oi 5/3 
Thus wo find that the fn quency of r is 5/3 times ns great ns 
that of p, or the vibration ratio of the iiiti rvnl p to r is 3 5, 
winch corresponds to a major sixth Similarly a major tliml 
and a minor third make 6/1 < 6/6 or 3/2, w Inch is the v ibration 
ratio of a fifth It is evident that the rale holds goncmllj, 
and we may say therefore that if we add the intervals whose 
vibration ratios are mjn and m'/n' vve got an interval wliosc 
ratio IS mm'Jnn' 

19. The Difference of two Intervals We tan 
deduce at once from this the converse proposition If wo 
take the interval whoso ratio is mJn fiom the interval whose 
ratio IS m'/n', the dilTcrcnce is an interval whoso ratio is 
m'fn’ -min, foi by the preceding rule the interval m/ri added 
to the interval m'fn’ — mfn or vi'nfmn’ gives the interval 
mjn X m'njmn' or m fn' 

Thus, to add intervals we multiplj their vibration intios 
together, and to subtract we divndo the ratio of the larcer 
mtei^l by that of the smaller ° 

20 The Diatonic Scale It will be convenient to 
give here tlie vibration ratios that define the intervals 
between each note of the ordinary Diatonic Musical Scale 
Und the lowest note or <omc of the scale Tlie i-cnsons for 
toe choiw of these particular intervals will bo given in 
Chapter XIII ® 

Since the rnterials lemain the same whatever note is 
taken os the tome, it is of no consequence what note we 



NATURE OF SOUND 


11 


18-21] 


choose as the tome We shall take the scale of the white 
keys of the pianoforte, which have C as their tonic 

CDEFGAB c 
9 6 4 3 5 16 

The meamng of the table is thi^ ** Whatever may be the 
frequency of 0, that of c, an octave higher, will be twice as 
great , that of E will be one and a quarter times as great, and 
similarly for the other notes The fractions below the notes 
are proportional to the frequencies of the notes, in whatever 
octave on the pianoforte we may take them The scale can 
he extended indeflnitelj upwards and downwards In order 
to nse an octave we double all the frequencies, and to fall an 
octave we halve them 

It will he found by reference to the table in Par 17 that 
the interval between 

0 and c is an Octave 
C and Q IS a Fifth 
0 and F „ Fourth 
C and E „ Major Third 
A and c „ Minor Third 
C and A „ Major Sixth 
E and c „ Minor Sixth 


2^* Pitch M’otation. It is often convenient to be 
able to define the pitch of a note in the scale so extended, by 
uang a different notation in each octave We shall use for 
this purpose the notation introduced by Helmholtz. The 
letters of the table just given denote the octave from C near 
tee middle of the Bms Clef to the middle c of the pianoforte 
Tim octave below this is denoted-by capital letters with the 

o octave next below this has the 

2, as Co, Dj, ete Going upwards from the middle c 
of tee pianoforte we have first an octave with small letters 

5 1 etc , then 

0, ycoessi%e C’s of the pianoforte scale are C^, C„ 
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22 Quality We have now only the quality of the 
vnote to consider This is less simple than the loudness and 
pitch, and the experiments shewing the relation between the 
nature of the vibrations and the quality of the resulting note 
are too complex to be given at this stage. 

We can however make a conjecture as to what feature of 
wave motion is likely to affect the quahty of the corresponding 
note Two trains of waves may differ in three, and only three, 
ways They may ha\e different amphtudes, different wave- 
lengths, and different shapes What is meant by shape is most 
easily shewn by a diagram 

Fig 4 represents two waves, which we may legard as 
travelling towards the right 
They have the same amplitude 
and the same wave-length, but 
different shapes A is sym- 
metrical on the two sides of 
the crest, whilst B is steeper 
in front of the crest than it is 
behind. It is clear that we may 
have an mfinite variety of shapes 
whilst keeping the same ampli- 
tude and wave-length 

Now amplitude and wave- 
length have already been appropriated as characterizing loud- 
ness and pitch, and so we have nothing left but shape to 
characterize quality 

The manner in which quality depends on shape will be 
considered in Chapter IX 



Fig 4 



CHAPTER II 

ELASTICITY AND VIBRATIONS 

23. Origin of Sound. We saw in the preceding 
chaptei that sound always takes its rise from some vibratmg 
body It IS possible to make a body vihiate by means of a 
system of cogwheels and levers, without making use of the 
elasticity of the parts, but vibrations so produced aie of little 
importance for oui purpose Sound almost always arises from 
vibrations which are due to the elasticity of the vibrating 
body Even when the vibrations are not originally elastic 
vibrations, they become so as soon as they are communicated 
to the air Hence it is necessary to give some consideration 
to the nature of elasticity, and to the vibrations arising from 
elasticity 

24 Nature and Limits of Blasticity (A body is 
said to be elastic, if on being deformed in any way by an 
amount not too great, it tends to return to its original sta^ 
Stretch a spiral spring for instance It tends to return to 
its original length, and does so as soon ns the sti etching force 
is removed. Bend a thin metal rod, and it tends to straighten 
itself again Twist thp same rod, and it tends to untwist 
Close the outlet of a bicycle pump, and press down the handle 
The air in the barrel is compressed, but as soon as the pressuie 
IS removed, it returns to its original volume 

In most cases of elastic deformation of solids there are 
limits beyond which the deformation must not go, if the body 
18 to recover its ongmal state If, for instance, a spiral spnng 
18 stretched to a very great extent, it may be that it will 
acquire a certain amount of permanent stietch, and will not 
return to its original length It is then said to have been 
deformed beyond the Ivnvits of elasticity 
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The limits differ very much fof different substances, and 
for different lands of deformation \ A spiral spring of large 
diameter and made of steel of good quahty might be stretched 
to double Its length -without acquiring a permanent set A 
straight -wire of the samq^lengtlil and matenal as the 
spnng could bo stretched onl\a very^little without suffering 
permanent deformation, "dr^lnr^kmgj^ -whilst a similar -wire 
made of lead -w ould have extrelnWy narrow limits of elasticity, 
either for bending or stretchin§f’ \Nevertheless, lead is elastic 
within its narrow limits, for A a long lead pipe or rod is 
tapped at one end, the sound is Mmedlalong the matenal to 
the other end, and we shall senator that sound invariably 
travels through a body by -vn bue 'of /the elasticity of the 
body r ' 

25 Imperfectly elastic solidli viscous 

liquids Some substances are elastic if t^ deforifiing force 
acts only for a short time, but acquire a penh^nent set if' the 
force 18 maintomed Take, for instance, a of pitch bn ^ 
sealing wax, and fix it honzontally by clampingVolfie end If 
a small weight is hung on the other end the wnl be bent 
down a little, and if the weight is soon remoi edy the rod will 
recover its onginal position If however the weigh^bq^lowed 
to remain, the end of the rod will gradually sink down, and 
will not return when the weight is remov^ It is not, m 
fact, necessary to put any weight on the end, for the weight 
of the rod itself cause it to sink gradually A lump of 
pitch placed on a flat horizontal surface -will m the course of 
a few weeks spread out into a thin cake It beha-ves in this 
case as a very -viscous fluid, whilst, if the deformmg force acts 
for a very short tune, as it does in the case of sound vibrations, 
the substance behaves as an elastic solid 


There are many substances that behave like pitch, and it 
has even been suggested that no substance is really solid, but 
that every body gives way gradually to forces however small, 
if long enough mamtain^ This is mere speculation, for the 
great majority of the bodies which we regard as solid shew 
no signs whatever of such gi-adual deformation, even though 
the forces have lasted for centuries. There is no mdication 
that the Pyramids are flattening under the action of gravily. 
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nor that metals shew any such effect, foi ancient coins still 
shew their inscriptions sharply marked 

A distinction must be drawn between very viscous liquids 
such as pitch, and solids with narrow elastic limits such as 
lead For forces acting for a short time, pitch has wider 
elastic limits than lead, yet lead is a real solid There is no 
reason to suppose that very small fotces give it a permanent 
deformation, however long they act on it 

26 jS^sticity of Liquids and Gases. Liquids and 
gases can be^^orm^ in only one way, namely by alteration 
of their volum^^They offer in^eneml no pemument resistance 
to changes of sB^»i^though, as we have seen, a viscous liquid 
may offer resistance^^rapid^anges of shape They cannot 
he said to have any liifu|sififjelastgicity, for, however great the 
pressure applied to a h^d br gasT'-tic^olume will return to 
its original value when the pre^mce is rSsstoved, provided the 
other ongmal conditions, suclW tfe6^tempeVtu^e, remain the 
same, or are legained when th^rhssur^w^emov^ 

This statement is not stnctW true brlhj^ids, for it has 
been shewn that in exceptional aThquid Can’ be made to 
break under tension The exception has nb>nracSbal beannc 
on Acoustics V ^ ° 

27. Relation between the Def^ 

Force which causes It We 
must next consider the relation 
between the magnitude of the de- 
forming force and the amount of 
deformation. For the experimental 
determination of this relation a 
spiral spring is convenient, as its 
limits of elasticity are wide 

Hang np the spnng by one 
end, and at the other end fix a 
scale pan, and a pointer with a 
graduated scale behind it 

If it IS found that any of the 
cods of the spnng are in contact 
with each other, put such a weight 
m the pan as is 8uffi.cient just to 


and the 






16 ELASTICITY AND VinilATIONS [OH II 

separate all the coils, and take the rending of the pointer on 
the scale Now put such a weight in the pan as will lengthen 
the spring by an amount that is easily measured The w eight 
required will depend on the length and stiffneas of the spring 
■Read the new position of the pointer on the scale Add 
another Riniilar weight, and rend the position again, and so 
on, repeating tlio ojioratioii so'oml timoi 

Suppose, foi insbince, that a weight of 10 gin lengthens 
the spring bj 1 cm , then the second 10 gni wnll lie found to 
lengthen it by another cciitmictie, and so on or in other words 
the lengtlieiiing is piop<ndional to the added weight lliis 
proportionalitj of the defi^iation to the force is strictly true 
only for small doformations\ In the case of a spiral spring it 
holds only so long as tht'»‘Corls are apjiroMinntely honrontal 
For a spring a foot long andniii) inch in diameter, for instanLC, 
there would be no groat doiiation from the law uji to an 
extension of 3 or 1 inches, but if the cxtonsion w ere consider- 
able, sa} a foot or more, it would ho found that tlie force 
increased more rapidly than the elongation, men though the 
clastic limit were not passed The law holds not onlj' for 
the extension of a spniig, but also for its compression If a 
weight of 10 gni placed in the jiaii Htrctchcs it 1 cm, an 
upward force equal to the weight of 10 gni apphetl to the 
lower end of the spring will shorten it b} I cm 

28 Hooke’s Law Tlio law of proportionality of the 
deformation to the force applied holds for all small distortions 
of elastic solids, and is known as Jlooke's Jmw The law 
may be stated tlius — iAny small distortion of an elastic bod} 
in proportional to the distorting force As further illustra- 
tions wo may take the follow ing cases '^Fix n rod bonrontally 
by clamping one end in a vice, and hang wciglits from the 
free end The depression of the end will bo found to bo 
proportional to the weight apphed Stretch an elastic stnng 
or wire hoiizontally between two points, and hang weights 
to its middle point, the deflexion wnll be propoitional to 
the weight Fix a lod at one end, and apply a couple to 
the other end, so as to twist it, the angle through which the 
end 18 twisted will be pioportional to the couple 
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Hooke’s Law as onginally stated applied only to the 
deformations of solids, but there seems little reason why it 
should not be taken to include the compression of liquids and 
^nses also, for m the case of these too the change of pressure 
IS proportional to the change of volume, when this change of 
volume IS very small 

It IS easily seen that when a gas is greatly compressed the 
added pressure is not proportional to the diminution of volume, 
for Boyle’s Law states that foi a gas at constant temperatuie 
the product of pressure and volume is constant 


Suppose a column of gas is enclosed by a piston in a 
cylinder a foot long, and is at the ordinary atmosphenc 
pressure of 15 lbs per sq in Press down the piston 3 in 
The gas 18 now reduced to three quarters of its original 
volume, and its pressure is consequently 15 x 4/3, oi 20 lbs 
per sq in Press down the piston anothei 3 in, and the 
pressure becomes 2 x 15, or 30 lbs per sq in Thus the first 
3 in requires an added pressure 6, whilst the second 3 in. 
requires 10, oi the pressure increases more quickly than the 
diminution of volume The law of proportionality of added 
pressure to diminution of volume can in the case of gases be 
a^um^ only for very small compressions We shall see later 
that the divergence from the law, when the compression is not 
very small, gives nse to Combination Tones 


The law of proportionality may be taken as holdinff 
generally for liquids, for m their case the resistance to com- 
pression IS so great that the compression is always small 


Restitution. If an elastic body la 
anstance, when a rod clamped at one end 
hM the free end drawn aside from its position of lest, the 

forces, whxdi tend to bring 

fle^on amount S de- 

aeaod’ the force required to cause this deflexion will Ha 

alimced by an equal and opposite force due to the eksUcitv 

~ d,reoV”to £ 


«> 


c a 



18 ELASTICITT AND ^nBRATlONS [CH IT 

30. Potential energy of a Deformed Body Work 
has to be done on the lod to displace it, and the rod acquires 
potential energy equal m amount to this work. Woik done 
by a constant force is measured by the force multiplied by the 
distance through which it acts In the case of an elastic 
body the force inci eases with the deformation, and hence we 
must take the average force, and multiply by the total de- 
formation to get a measure of the work "Where the force 
increases proportionall}' to the deformation, the average force 
18 the foice for half the final deformation 

Hence if a is the displacement, tlie work is x o or 
where A. is the coefficient of elasticity for the particular 
kmd of deformation we are considering, that is, the force 
which will give the unit displacement 

We see then that the potential energy of an elastic body, 
which has been defoiined by forces appropriate to the kind 
of defonnation in question, is proportional to the square of 
the displacement 

^ 31 Vibrations due to Blasticity. Now release the 

body, and the forces due to its elasticity at once begin to draw 
it back to its equilibrium position with increasing velocity, 
thus transforming the potential energy into kinetic When 
the body reaches its equilibrium position, there is momentarily 
no deformation and no elastic force, and the potential energy 
has been entirely converted into kinetic The momentum the 
body now possesses causes it to pass through its equilibrium 
position, and to swing out to a distance a on the other side , 
when its kinetic energy will again have been converted into 
potential In this position it has no kinetic energy, but is 
momentarily at rest, and so falls back, and if there were no 
dissipation of eneigy, it would continue to vibrate between 
the limits + a and — a There will how ever in general be 
losses of energy Part of the eneigy of vibration will be 
transferred to the au in the form of waves of compression and 
rarefaction, as we shall see later, part will be spent in 
warming the body itself in consequence of internal viBcosity, 
which acts similarly to fnction, and there may be other 
causes of loss of energy, such aS skin-fnction, or if the 
vibrating body happens to be magnetised, there may be 
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production of electrical currents m neighbouring bodies The 
lesult of these losses is that the nbi'ations gradually die down 
in such a way that the amphtude of any one elongation is 
in a constant ratio to the amplitude of the next 

32. Isodironism Hooke’s Xiaw leads to the im- 
portant result that the vibrations of a body due to its 
elasticily are tsochronotts j that is, the time of performmg 
one complete oscillation is the same whatever the extent of 
the oscillation 

A simple instance of a body that performs isochronous 
vibrations is the pendulum The foice that acts on the 
pendulum is gravity, and not an elastic force, but if the aic 
of vibration is small, the relation between the force and the 
displacement is the same as foi elastic foices and the lubra- 
tions are consequently isochronous A famihar instance, 
where the vibrations aie due to elasticity, is the balance wheel 
of a watch Here the vibrations are due to the elasticity of the 
hair spring, and are mamtained by the mam sprmg acting 
through the train of wheels and the escapement If for any 
reason such as increased friction, or diminished foice in the 
mam sprmg through the watch being nearly run down, the 
arc of vibration of the balance becomes smaller, the time of 
vibration is not appreciably altered The balance contmues 
to vibrate at the same rate whatever its amplitude, and the 
rest of the watch is merely a contrivance for mamtammg the 
^ vibrations and counting and recording their number 

of the Isochronism of Slastic Vibra- 

^ O 3 0 A tf 


o O c g A 

Fig 6 ' 

have two paiticles, one of which can vibrate 

equihbnL^oskora 

2—2 
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have the satne mass, and that the same elastic forces act on 
them when they are at the same distances from o and 0 
lespectively 

Draw the first pai?ticl8vwide to a and release it It will 
vibrate between the limits dSand a', where oa = oa' Draw 
the second particle aside to where OA = 2oa It will 
vibrate between A and^-i^ The vffiBations'Of-tho’twQjiarticles 
may then be taken to tij^resent two vibrations of th^^me 
particle, one of the vibrations having double the amplitude of 
the other ^ 

Divide oa and OA each same number of equal 

parts If the "number of parts is^^ry large, each of the 
parts will be ver^^all, and the fprobo^ I’^titution may be 
taken as constant ovei'^y one part, aucT'feqmil to its average 
value over that part be the average value of the foice 

over the part ab The^f ^ is the* moss of the-^article, and 


a its acceleration. 


low^that fz=-ma or,, if the force is 


proportional to the'^jtSplacement, the acceleration is so also 
Also, since we are assuming / is constant over the part 
we may assume that a is constant 

j Now it IS known that if a body starts from rest with 
constant acceleration a, and moves for a time t, it will pass 
ovei a space s given by the equation 8 = \ai?, or if ab = s, the 

particle will reach b after a time n-nd when it reaches 

h it will have a velocity ai oi ij2as 

Now consider the particle that was drawn out to A before 
bemg released Since OA ~ 2oo the acceleration will now be- 
2a and AB will be 2oo or 2® Hence the particle will i^cUi 

’ r l^s /28 , 

jOTB a time ^ ^ or w , the same as in the case of 

the particle drawn out to A 
be 2ai or 2>j2as 


yf. 

Its velocity on leachmg B will 


Thus It follows that the two pai tides leach the end of 
their first stage m the same time, but the paiticle with the 
greater amplitude arrives with double the velocity 

Next consider the second stage 6c Let V be the velocity 
with which the first particle reaches 6 and its average 
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acceleration over he Then the second paitacle reaches B with 
a velocity 2F, and during the stage BG it has an acceleration 
2j8, smee the centre of GB is twice as far from (7 as is the 
centre of ch from o 

We know that if a body has an initial \elocity F, and 
moves over a space s with uniform acceleration y3 in time t, 
then s = F^ + Fiom this equation we can find the time 
the first particle takes to pass over the stage he 

If we form a similar equation for the second pai tide, we 
have to replace s by 2s, F by 2F and B 2^8, w'hich makes 
no change m the equation, as we have merely multiplied both 
sides by 2 Thus' each of the particles will take the same 
time in traversing the second stage, and the piocess can 
evidently be continued until they reach o and 0 respectively 
OA has been taken as being twice oa merely for the sake of 
simplifying the equations The result would be the same 
whatever multiple OA is of oa , the particles would reach their 
eouiUbrium positions in the same tune whatever their ampli- 
^Mes It IS obvious from symmetry that the time the particle 
takes m moving from d to 0 is one quarter of the time it 
takes in gomg from A to A' and back again to A, and thei'e- 
fore the tune of a complete vibration is the same whatever the 
amphtude, or the vibrations are isochronous 

34. Simple Harmonic Vibrations. Such vibra- 
tions are called Simple Harmonic Vihrations, and aie of great 
importance in the theory of Sound, as a vibrntion of this 

sensation of a pure tone 
^ 6t^denmte~pitch with no admixture of tones of other pitches 
Winy other vibration than a Sunple Haimomc Vibiation gives 
rise to a note, which can by suitable appliances be resdved 
into two or more tones of different pitch The note arising 
a Simple Harmonic Vibration cannot be so resolved 
We shall letum to this point later 

vibrations had not been isochronous, music in 
Its present form would have been impossible Suppose, for 
induce, that the law connecting amphtude and nSubw of 

the number of •nbrntons per second, -and loudness by the 
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amplitude We should theiefore have the result that the 
louder a note, the higher its pitch It would he impossible to 
keep the instruments in the orchestra in tune with each 
other, and a crescendo would mean a rise in pitch of the n hole 
orchestra 

35 Geometrical Illustratioii of Simple Har- 
monic Vibration The nature of n Simple Harmonic V ibra- 
tion can be shewn by the following useful geometrical method 
Suppose a point P moves with uniform speed round the 
circumference of a circle of radius a 
Drop a perpendiculai 
from P on any diameter 
AA\ then we can shew that 
Nt the foot of the perpen- 
dicular, descnbes simple har 
momc 'Vibrations in the line 
A A’ 

The radius OP i evolves 
■with uniform angular velo 
city, which we will denote 
by <a The acceleration of 
P IS therefore a<o* m the 
direction PO, and the ac- 
celeration of JV 18 the com- 
ponent of this in the direction AO, or aw® cos d, where ff is 
the angle POA Since OWssocos 0, we can write tlie ac- 
celeration of iT in the form ny^ON, or the acceleration of 2P is 
pioportional to its distance fiom 0 If N is a paiticle of 
mass m vibratmg in the line AA’ in consequence of a force 
directed towards 0, the force required to give this accelera- 
tion must also be pioportional to ON, smce P=tna. Tins 
relation of force to displacement is in accordance with Hooke’s 
law, and N describes simple harmonic "vibrations 

The period of -vibration of N is the time taken by the 
radius OP to make one complete turn, or 2vja) 

If jP IS tlie elastic foioe when the displacement is unity, 
the force for displacement ON is ON, and the acceleration 
F 

IS — X ON The geometrical method gives w® x ON as the 
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acceleration "We can therefore use Fig 7 to represent the 
vibrations of a particle of mass m vibrating with amplitude n 
under the action of an elastic force of magnitude Fiov unit 
displacement, if we describe a circle of radius a, and make 
the radius OP revolve with such an angular velocity that 
F 2r 

<i>® = — , and further, since t = — , we see that the period of 
m <u 

vibration of the particle vail be 2ir 

This expression is independent of the radius It is the 
same whateier the ladius of the circle, provided co has the 

/ F 

— Hence this method of treatmg simple harmonic 

vibrations leads also to the conclusion that their penod is 
independent of their nmphtude, or they are isochronous 

36. Method of Calculating the Penod of Vibra- 
tion. If we know- F and ni in any particular case, we can 

calculate the penod from the expression r = 27r We 

must be careful to use a consistent system of units m the 
calculation If, for instance, we use the cos system, m 
will be the mass of the vibrating body in grammes and F will 
be the force in dynes required to give a displacement of one 
centimetre 

We have taken the simplest case, where the particle 
11 orates m a straight line, and nothing that is mo vine has 
any inertia' except the particle itself We cannot secure this 
exactly m practice, but a mass suspended by a light spiral 
approximates to it Suppose the moss of the pan and 
the body placed in it is M gm, and suppose an additional 
mass TO gm ^uses it to sink cm , then m/ngm would depress 

^nln gm is attracted to the 
earth is mgjn dynes, where g is 981 cm per second per second 

Consequently the penod of vibration of the mass is 

S’-*/— 

V mg 

in period ^Iculated in this way is compared with 

the penod observed directly, ifc be fohnd to be a little too 
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small, as we have underestimated M The spring is moving, 
and adds something to the inertia The lowest part of the 
spnng mo-ves as much as the suspended body and the highest 
part does not move at all It is plain therefore that we ought 
to add something less than the mass of the whole spnng to 
the mass of the body It can be sbeivn that one third the 
mass of the spnng should be added 

The force required to give unit deformation of any kind 
to any elastic body is called the coefficient of daatxeity for the 
particular body and the particular kmd of displacement. 

The expression we have found for t will give the penod 
of elastic vibrations of any kind, if F and M are suitably 
expressed F will not always be a simple force, and M will not 
always be a mass Suppose, for instance, a body is hung by 
a wire, and is turned round so os to twist the wire a little 
When it 18 released, it will perform rotational vibrations , the 
wire twisting first in one direction and then m the other, 
whilst its axis remains at lest In this case the coefficient of 
elasticity jp'with which we are concerned is the couple that 
will twist the end of the wire through the unit angle, and 
the inertia term is the moment of inertia of the suspended 
body about its axis of rotation. 

37 Method of tuning an Elastic Body In ah 

cases the greater i?’ is, or the ‘ staffer ” the body is to displace, 
the less t wall be, and the greater the inertia, the greater 
T will be. 

It IS useful to remember this when we have to tune a 
vibrating body A tuning-fork gives a good instance In 
this case the bonding which gnes nse to the elastic foices 
18 chiefly at the base of the prongs, and the motion is chiefly 
at the free ends If then we scrape or file the prongs 
near the base, wo shah dimmish F without makmg much 
change in M, and so shall lower the pitch If on the other 
hand we file the prongs near the free ends, we shall dimmish 
the mertaa without altering the elasticity much, and shall 
raise the pitch This is the usual method of tunmg a fork 
If we wish to lower the pitch of a fork temporanly, we can 
do it by stickmg a little wax on the ends of the prongs, and 
so increasing the inertia 
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*^38. Period Amplitude. Phase The three mam 
characteristics of a simple harmonic vibration aie its period, 
its amplitude and its phase 

We have already defined the period as the time occupied 
by one complete to and fro vibration 

The amphtvde is one half the extreme range of the vibra- 
tion, or the distance between the equilibrium position and 
either of the points at "which the "vibratmg particle is 
momentarily at rest. Accoi ding to this definition the amplitude 
of iT in Ibg 7 18 OA or a 

phase of the vibration at any moment is the state of 
the vibiating particle as regaids its position and its direction 
of motion at that moment.^ Whenever, for instance, the foot 
of the peipendicular in Fig 7 is passing through a particular 
point, and is movmg say from nght to lef^ it is in the same 
phase The radius OP rotates uniformly in the same direction, 
and the position and direction of motion of N is known, if 
the position of OP is known, and hence the phase can be 
measured by the angle 6 The term phase is most commonly 
used m speaking of the difference of phase between two points 
"Vibrating with the same period if they aie imagined both 
to be vibrating in the line A A', though not necessarily with 
the same amplitude, each will have its rotating radius, and 
since the particles have the same period, the rotating ^radn 
must complete one circuit m the same time making a constant 

angle with each othei, and this angle measures the difference 
of phase 

The fiction this angle is of the whole cncuit is the 
fi action of a period that one particle is behind the other If 
tor instance the angle is 90*, we may say that one particle is 
a quarter of a period behind the othei, and this is the most 

an angle the difference of phase would be said to be ir/2 

equilibrium position at 
opposite directions, they differ in 

m ophite phaL' ’ tlie,.re 

at any time can be shewn by a curve as follows Divide t^ 
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circumference of the circle into any number of equal parts 
begmmng at B, and going round the circle in the direction 
BAEA' Take a straight hne of any length and divide it 
into the same number of equal parts 

As P moves ivith uniform speed, each of the sectionfe into 
'which the circumfeience is divided 'will be traversed in the 
same time, and the points maiking the ends of the divisions 
may be regarded as marking a time scale If a perpendicular 
be drawn to AA* from the end of each division, and the 
distance from 0 of the foot of the perpendicular be measured, 
we shall have the displacement of N at the ends of a senes 
of equal mtervals of tune Now transfer the displacement 
corresponding to each dividing point on the circle to the 
correspondmg dividing pomt on the straight hne If iV is 
to the nght of 0, draw an oidinate equal in length to this 
displacement upwards from the correspondmg dmding point 
on the straight Ime. If A" is to the left of 0, draw the 
ordinate downwards Draw a smooth curve through the ends 
of the oixiinates and we shall get a curve such as that shewn 
m Fig 8 



Fig 8 


The curve is drawn only for one complete mbiation, but 
it could evidently be continued indefimtely to the right to 
represent any numbei of vibrations The curve enables us to 
find the position of the point at any time, for distances 
measured along the honzon'tal line from A are proportional ■to 
the time elapsed fiom the moment when the particle was 
passmg -through its equilibrium position to the right, and the 
ordmate at the point corresponding 'to any given moment 
shews the displacement at that moment — to the right if the 
ordinate is above the axis, to the left if it is below 

The curve is known as the Sine Curve, for if the maximum 
ordmate is of unit length, and the length AE la taken to 
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represent 360”, the ordinate at any point in the line 'mil gne 
the sine of the angle corresponding to that point — the sine 
being positive ■when the ordinate is above the axis, and 
negative when it is below 

40 Relation of Velocity to Displacement The 

velocity of the vibrating paiticle when passing through any 
point of its path can also be shewn by a sine curie 

Refemng to Fig 7, it -will be seen that, at the moment 
for which the figure is drawn, the velocity of iV is the com- 
ponent of the lelocityof P in the direction JS^O, or vsm0 
Hence, since v is constant, the velocity of N is proportional 
to sm 0 and so can be shewn by a sine curve The cuiwo ill 
be displaced a quarter of a period to the left as compaied 
•with the displacement curve, 
for the velocity is a maximum 
when the displacement is zero, 
and vice versa The two curves 
are shewn in Fig 9, where 
pomts in the same verfacal line 
correspond to the same moment 
In the lower curve ordinates 
above the axis denote velocities 
to the nght, and ordinates 
below the axis denote velocities 
to the left 



Witt “T Harmonic Motion 

motion impressed on it 

same time earned xvith uniform veloci J 

nght angles to that of the vibStionr W Jon at 

the end of the bristba^ainaf n L ^ vibrating, hold 

smoked with burning 

g surpentino or camphoi The bristle 
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'Will trace on the paper a straight line, whose length shews 
the range of vibration of the fork Now draw the fork 
uniformly in the direction of its own length, and instead of 
a straight line we shall get a sinuous curve on the paper 



Fvom wbat lias been said before it is clear that, if the 
fork IS moved with uniform \elocity, the curve will be a 
sine curve 

The straight line that would have been traced by the fork, 
if the prongs had not been vibrating, is the axis of the curve 
Equal distances along the axis coi respond to equal intervals 
of time, and the ordinate dra'wn from any point of the axis to 
the curve gives the displacement of the prong at the moment 
determined by the position of the foot of the ordinate on 
the a'^iis 

This method of converting a simple harmonic vibration 
into a sine curve forms the basis of one of the most accurate 
methods of finding the frequency of a tumng-foik, as ivill be 
seen later 


42 . Composition of two Simple Harmonic Vibra- 
tions at right angles Let us next find what curve we 
shall get bj' compoundmg two harmonic vibrations in lines at 
nght angles to each other 

"W e can construct a curve that is appi ovimately compounded 
of two simple harmonic vibrations by means of the apparatus 
shewn in Fig 11 and known as the Harmonograph 

A and S are two pendulums suspended so as to swing in 
planes at right angles to each other Each pendulum is 
continued for a few inches above its point of support, and at 
the top of each a light horizontal leier is attached by a 
flexible joint These levers G and JD are jomed together at JB 
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by a flexible joint, and a pen is attached to the joint If the 
pendulum A is alone set s\vingmg in the plane of the paper, 



the joint E ^nll execute approximately harmonic vibrations 
from right to left They i^l not he stnctly harmonic for 
the top of the pendulum B is at rest and the joint E must 
therefore describe small arcs of a ciicle round it, but if the 
levers C and D are 10 or 12 mches long and the arc of 
vibration of the pendulum is small, the mobon of E is nearly 
enough harmomc for our purpose. 

If B IS set swinging in a plane at right angles to the 
plane of the paper and A is at rest, the pen ^v^Il vibmte 
harmomcally in a direction at right angles to its former 
direction 

If now both pendulums are set swinging, the motion of 
the pen will be compounded of the two motions, and a curve 
"Will be traced out on the table. If we give an extended 
meaning to the word “ sum,” we may say that the displace- 
ment of the pen at any moment is the sum of the displacements 
due to the two separate vibrations at that moment. 

There is only one sense in which we can “add” two 
displacements not in the same straight bne, and that is in 
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accordance with the Parallelogram Law used in compounding 
two forces. 


If a particle, when vibratmg in the line OP, would have 
at some moment a displacement 

OP, and a vibration m the direc- Q 

tion OQ would give it at the j 

same moment a displacement OQ, / ^ / 

then its actual displacement at / 

that moment must be OR, if P 

each of the components has its pi,g 12 

full effect. We may imagine the 

particle to vibrate in the line OP, and at the same time the 
Ime OP to vibrate in the direction OQ always remaining 
parallel to itself 


The Parallelogram Law, with its extension the Polygon 
Law, holds not only for the displacements but also for the 
velocities of vibratmg pai tides 


43 Composition of two Simple Harmonic Vibra- 
tions of equal periods Let us return now to the Harmono- 
graph The pendulums are generally made with bobs that 
can be clamped at any point of the rods, so that the times 
of vibration can be varied Adjust the bobs to such positions 
that the tune of swing is the same for both pendulums Now 
it IS clear that S will 
describe some kind of oval 
or circular curve We can 
shew that a circle is a 
possible cuive 

If P travels round the 
circle in Pig 13 with uni- 
form speed, and P2f, PIP 
are the perpendiculars from 
P on two diameters at right 
angles, then A and If' 
describe Simple Harmonic 
V ibrationsin theirrespective 
diameters Their displace 
ments at the moment for ^*8 

which the hguie is drawn are ON and ON' and OP is the 
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displacement got by compounding 02f nnd ON' by the Paral- 
lelogram Law This evidently bolds for eveiy position of P, 
and therefore the motion of P may be regarded as obtained 
by compounding the vibrations of N and N These vibrations 
have the same amplitude and period, but, differ in phase by 
a quarter of a period "Whenever we have these lelations 
between two perpendicular simple harmonic vibrations their 
resultant is uniform motion in a circle 

Lf the amplitudes are not the same, it can be shewn that 
the curve is m general an ellipse, the direction of whose axes 
depends on the relation between the phases of the constituents 
In the particular cases in which the phases are either the 
same, or diflfer by half a penod, the ellipse degenerates into a 
. straight hne 

-If A A' and PiK repiesent the directions and ampbtudes of 
vibration of the two constituents, the curves in Pig 14 shew 
five forms of path of the pencil In No 1 the two constituents 
may be said to be in the same phase liVhen the pencil is 
passing through 0 towards.tbe right under the influence of one 
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half period, and m No 6 the two vibrations diffei in phase by 
half a period 

44 Compositioii of two Simple Harmonic Vibra- 
tions of nearly equal periods If the periods are very 
neaily, but not quite equal, the curve described dunng a 
single complete period of the vibration will be approMmately 
an ellipse , but one of the vibrations will slowly gam on the 
other, and the difference in phase will change slowly The 
curve will then pass thiough the series of forms in Fig 14 
Beginning saj with No 1, the line will slowly open out into 
an ellipse, the curve will pass through the forms 2, 3 and 4 to 
the straight Ime 5, and then it will pass througli the senes in 
the opposite direction until it reaches No 1 agam If the 
amplitudes remom constant the curve vnll always touch the 
four sides of a rectangle with sides equal and parallel to AA' 
and BB' 

When the curve has passed from 1 thiough 2, 3 and 4 to 
6, and back again to 1, the phases have retumed to their 
onginal agreement Consequently Mne of the pendulums must 
have gained exactly one vibration on the other This gives 
us a means of companng their times of swing, for if we find, 
for instance, that the curve changes from 1 to 5 and back 
again to 1 in one mmute, we know that one pendulum makes 
one complete vibration pei minute more than the other, or the 
frequency of one is one-sixtieth of a vibration greater than 
that of the other This method has been much used m 
comparmg the frequencies of tunmg-forks, as will be seen 
later 

45 IiissaJoUB’ Figures The curves of Pig 14, and 
those obtained when the frequencies of the constituents have 
othei aliquot ratios than 1 1, are known as I/issajou^ Figures 

We will take as our second illustration the case where the 
frequencies are m the ratio 2 1 We then get in general a 
figuie of 8, degenerating into a parabola for certain relations 
of phase of the constituents The relationship between the 
phases cannot in this case be expressed shortly, as is the case 
when the ratio of the frequencies is 1 1, for even though the 
ratio 18 Racily 2 1 the difierence of phase is not constant A 
vibration m one direction is completed in half the time of a 
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vibration in the direction at right angles to it, and therefoie, 
even though the two vibrations start in the same phase, they 
immediately come into phases differing from each othei The 
term difference of phase can in fact hardly be said to be 
apphcable to two vibrations, unless they have the same or 
very nearly the same pmod 



4 6 


. Fig 15 

Fig 15 shews file forms of Lissajous’ Figuies for the i-atio 
of frequencies 2 1 The parabolic form of the fiist and fifth 
arises when the phases are such that the vibrating point comes 
to the end of its 8^v3ng in each of the two perpendicular 
directions at the same moment If the ratio is not exactly 
2 1 the curve will change giadually back and forwards 
through the senes of figures of Fig 15 



Fig 16 


the mCs symroetncal and the degraded form for 

The vibration ratio of the constituents of any of these 
figures can be found by inspection In the firs? curvf of 


0 s 
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Fig 16, for instance, the curve touches a horizontal side of the 
rectangle three times and a vertical side t\eica It follows 
that the tracing pen makes three vibrations in a vertical 
direction in the time it takes to make two in a horizontal 
direction, oi the ratio is 3 2 

When the method is applied to one of the degraded forms, 
it 18 to be remembeied that the complete path consists of the 
curve described twice, first in one dnection and then in the 
othei Whei e the degraded curve comes to a comei of the rect- 
angle, it must be regaided as touching each of the adjacent 
sides once, and when it has a side of the rectangle as a 
tangent, it must be regarded as touching that side twice 

46 Optical method of compounding Simple 
Harmonic Vibrations Lissajous' Figures can be produced 
optically by means of two tuning-forks Each fork has a 
small mirror on the side of one prong One fork A has its 
prongs vertical, and the other JB has its prongs horizontal, as 
shewn in Fig 17 A beam of light from a small source 



strikes the mirror on the prong of the vertical folk, is reflected 
to the prong of the horizontal fork, and thence to a screen 0 
where it is brought to a focus by the lens L If the fork A 
alone is vibrating, the spot on the screen describes harmonic 
vibrations so rapidly that only a bright vertical line of light 
IB seen If the horizontal fork B alone vibrates, the spot 
describes a horizontal line If both forks vibrate, the two 
vibrations of the spot are compounded, and if the periods of 
the folks bear some simple ratio to each other, one of Lissajous’ 
figures IS seen on the screen 



CHAPTER in 


TRANSVEESE TVAVES 

47. Introductory. lo Chapter II we discussed the 
motion of a single particle executing Simple Harmonic Vibra- 
tions In the present Chapter we shall consider the way in 
which wave motion arises from the simultaneous vibration of 
a senes of particles We shall take as simple a case as possible^ 
and the possibihty of the motion to be described must be 
issumed It can be shewn theoretically to be a possible form 
)f motion of, for instance, consecutive shoit sections of a 
stretched stnng, but the method of proof is beyond our scopa 
At a later stage in the chapter experiments will be described 
which are consistent with our conclusions, but cannot be taken 
w a complete proof of the correctness of the assumptions 
rhis chapter must be regarded rather as a desciiption of the 
properties of transverse waves than as a logical deduction of 
those properties from the laws of elasticity 

48 Waves arising from the Harmonic Vibration 
of a senes of particles Let us suppose we have a senes 
of par^cles placed at equal distances from each other along a 
stiaight hne, and each capable of vibrating harmomcally in a 
direction at nght angles to that Ime, the lines of vibration all 
lying in the same plane. 
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Imagine the particles to be vibratmg with equal periods 
and amplitudes, and in such phases that each is some constant 
fraction of its period behmd the particle on its left. There 
IS then a constant difference of phase between any two con- 
secutive particles, the retardation of phase mcreasing as we go 
from left to right along the senes Suppose, for instance, that 
each IS one eighth of a penod behind its left-hand neighbour, 
and that at the moment we are considenng particle 1 is pass- 
ing downwards through its equilibrium position Then since 
2 IS one eighth of a penod behind 1 , it will not have reached 
its equilibnum position, but will be movmg downwards 
towards it. Its position can be found graphically from a 
diagram similar to Fig 7 

Desciibe a circle with radius* equal to the amplitude of 
vibration of each of the particles, and draw a diameter P 3 P 7 



Fig 19 

The motion of any particle of the senes is given by the 
motion of the foot of the perpendicular drawn to the diameter 
PjPy from the end of a radius which revolves with uniform 
velocit}' 

The particle 1 is passing downwards through its equi- 
hbnum position and is therefore represented by the foot of the 

* (Fig 19 IB drawn on a larger scale than Fig 18 for the sake of 
oleamess ) 
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perpendicular from the ladius OPj revolving in the direction 

of the hands of a clock Particle 2 is an eighth of a period 
behind 1 Its radius is theiefore OP 3 , which is an eighth 
of a complete revolution, or 45“, hehmd OPj, and OiV is the 
distance of 2 above its equihbnum position Particle 3 is 4o“ 
behind 2 It is theiefore at a distance OJP^ from its equihbnum 
position, and is momentarily at rest Particle 4 is at a distance 
above the axis and is moving upwards Particle 5 is 
moving upwards through its equihbnum position Particle 6 
IS at a distance 0J7" below, and is moving upwards, and so on 

When the radius reaches again, we begin a second round 
of the circle , Pg is at P^ at Pg, etc 

All the particles between 3 and 7 are mo\ mg upwards, and 
all those between 7 and 11 are movmg downwards. 3, 7 and 
11 are at the ends of then swings and momentarily at rest 

Thus it appears that at the moment we are considering the 
particles will he along a curve such as is shewn in Fig 18, and 
it IS evident that tins is the sine curve, for the method by 
which we have drawn it is the same as that by which we diew 
the Bine curve 


49* Velocity of the Waves Next let us consider 
where the particles will be at a moment one eighth of a penod 
later 1 will have moved downwaids below its equilibrium 
position 2 will have reached its equilibrium position and be 
moving downwards through it 3 will have moved downwards 
from the end of its swing and will be as much above the axis 
as 2 WM one eighth of a period earher , 4 will have reached 
the end of its swing, and so on 

j^ch particle will have come into a position correspondins 
to that occupied by its left-hand neighbour one eighth of a 
period earher Particles 4 and 12 wTu now be on the 

3 8 wiU he at the bottom 

of the trough instead of 1 In fact the whole curve has moved 

vibrations with constant difference of Siase 
as we pass along the senes, the result is a wave m the fom 
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of a sine curve travelling in the direction in which we 
find a gradual retaidahon of phase as we pass along the 
pirticles 

If in passing along the particles in the order 1, 2, 3, 4, etc 
•a e had found a gradually adianeing phase, the result would 
have been similar The particles would he as before along a 
sme curve, but the waves would travel towards the left 

Let us next find with what velocity the wave travels We 
saw that in one eighth of a penod the crest moves from 3 to 4 
In what time wiU it travel over one whole wave-length ? We 
take as a tcave-length the distance between any particle and the 
nearest particle that is m a corresponding position. 1 and 9 
for instance are a wavelength apart, as are also 3 and 11 
We must not take 1 and 5, for, though they are both passing 
tlirough their equilibrium position, 1 is movmg downwards 
and 5 upwards. 

Let us choose in particular 3 and 11 It is evident from 
what we said above that the crest which is now occupied by 3 
will be occupied by 11 after one whole penod, and the wave 
will travel one wave-length in the time taken by any one 
particle to execute one complete vibration. 

SO. RelationbetweenWave-IiengtliandVelocily. 

Now the velocity of the wave is the distance it travels in one 
second Let r be the period of vibration and A the wave- 
length, then the number of vibrations a particle makes m one 
second is 1/t, which we denote by n, and the distance the wave 
travels in one second is n\, whence we have the formula 

® = «A. 

The quantity n is what we have called the fi-equency, and 
denotes either the number of vibrations executed by any one 
particle in a second, or the numbei of waves passmg a «nven 
point m a second. ° 

The formula r = nX is frequently used in acoustical calcula- 
tions, os it gives the i elation between three important 
characteristics of a wave train It is sometimes more con- 
venient to use the equation in the form X = «r 
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51 Non-Harmonic Waves. In finding the wave 
form of Fig 18 we have supposed that each of the particles is 
vibrating harmonically We have done this because as has 
alieady been said, the simple harmonic vibration must be 
regarded as the fundamental form in the theoiy of Sound. It 
IS not howevei necessary to hmit ourselves to Simple Harmonic 
Vibrations We shall get a progressive wave — though not in 
the form of a sme curve — ^if the particles aU vibrate in the 
same way, whatevei that way may be The vibrations must 
be penodtc, that is, each particle must contmue repeatmg the 
same succession of movements, and there must he a legular 
change of phase as we pass along the senes As we cannot 
represent a non-harmomc vibration as the projection of umfoi m 
circular motion, we cannot'express the difference of phase in 
this case by an angle, but we may express the relations of 
phase by saying that each particle must pass through its 
equilibrium position some fixed fraction of a period later than 
its leftband neighbour 

For the present we shall confine ourselves to Simple 
Harmonic Vibrations and leave the more complicated forms 
until we haio discussed Founer’s Theorem 

Waves such os have been described aie called Transvetse 
Waves, because each particle vibrates in a line transverae to 
the direction in which the wave travels In Chapter IV we 
shall d^cnbe a form of waves called Longitudinal Waves, 
where the hue in which the particle vibrates is coincident with 
the direction in which the waie travels 


52. TJe Medium does not travel with the 
waves. It should he noted that in these, as in all otlier 
waves, the vibratmg particles do not travel with the waves 
^very p^ticle of air, or water, or strmg, or whatever it may 
be that transmite the waves, traiels lepeatedly over the same 
t^^ what passes on is a shape or aiiongement of 


are passing over the surface of uater, floatin<r 
^ describes a 

w r ^ we see that 
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*S3 The Equation for Simple Harmonic Wave 
Motion The equation of the Simple Harmonic Wave of 
Pig 18 can be obtained in the following way 



Fig 20 

We shall represent the motion of any particle of the senes 
as before by the motion of tlie foot of the pei’pendicular drawn 
from the end of a uniformly rotating radius on a fixed diameter 
of a circla In ordei to bnng the equation into its most 
usual form we shall measure the angle 0 from the diameter 
AA\ but drop the pei'pendiculars on the diameter BB’ 

We have then the displacement (?W=osin0, and as 6 
increases uniformly with the tune, we may write 0 = ut, 
whence y = asm mt, where y is the displacement of a particular 
particle at any time U Eveiy other particle executes exactly 
similar vibi-ations, hut the phase is unifoimly retarded as we 
pass to the nght along the ion of pai tides That is to say, if 
a IS the distance measured towards the nght from the particle 
nhose motion is given by y=asinoj^ to some othei pat tide, 
the angle 6 foi this other particle will be smaller by an amount 
proportional to so, saj hx, where A is a constant, and therefore 
this second particle’s motion will be given by y = o sin {y>t — fee) 
This equation applies to any particle of the senes, including 
that for which a; = 0, and is therefore the general equation 
giiing the displacement of any particle at any time, or the 
equation of the wave. 
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The period of vibrahon t of any particle is ^ 
therefore 2ir(o, It follows that w = 27r/T, or, since , 

wL from any one particle throagh a aislanoe \ 
theLics,w6 sbaU am« at a particle m the “ 

fhnt from which we set out, for everything lecura alter a 
wave-length It follows that if ir changes by X, B must ^ange 
by 27r, orlX = 27r, from which relation a e geU - Stt/X fesei 
mg the values we have found for <u and i we find for t 
equation of a train of harmonic waves 

2ir , . X 

y=asm-Y 


54 Transverse Waves on a Stretched String. 

We shall next describe a method by which waves such ^ those 
which have been descnbed can be shewn experimentally 

Take an indiaruhber cord or thick-walled tube, say 16 ft. 
long Fix one end to the wall, and holding the other eni^ 
the hand, stretch the cord, un^ it is neatly horizontal Its 
weight will cause it to droop somewhat in the middle but this 
will not afifect the lesults Suppose B is the fixed end and A 
is the end that is held in the hand 



Move the end that is in the hand rapidly a few inches 
above A, then the same distance below A, and finally bnng it 
back to rest at A The end has then executed a vibration 
which appioximates more or less closely to a harmonic vibration 
One complete wave consistmg of a ciest and a trough will 
be seen to run along the cord to the fixed end, where it will 
he reflected and run back to the hand At the hand it will be 
reflected agam, and will lun back and forwards seveial times, 
until the imperfect elasticity of the cord causes it to die 
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a-vrav Assuming from this experiment that a vave can travel 
along such a stretched cord, \re can find its velocity 

5S Velocity of waves on a Stretched String. 
Xet us find what forces act on a short piece PQ in the front 
half of the wave of Fig 21, takmg the tension in the cord to 
be T As the tension is the same everywhere, the element 
PQ will ha\ e a force T acting on each end in the direction of 
the arrows, and as these two forces act along the tangents at 
P and Q and are therefore not exactly in same straight 
line, they will have a resnl^mt along the line AO bisecting 



the angle between them As PQ is very short, we mav 
assume it is part of a circle. Draw the radu of this circfe 
PO and QO meetmg at the centre of curvature, and resolve 
the two forces along the hne AO K the angle POQ is 
denoted by 6, the resultant of the forces will be 2rcos OAF or 
2T sm Since 6 is very small we may write ^ for sm^6 

and the resultant force due to the tension is therrfore egnarto 
T6 Imagine the string to be enclosed in a smooth tube of the 
shape of the viave, and to be at rest Then the force T6 is 
balanced bj the resultant pressure of the tube in the direction 
OA Now let the smng be drawn through the tube towards 
the left with a constant veloc^ r The small piece PQ is 
now moving in a curved path, and there is therefore a 
resultant force on it due to its motion and equal to maV 
where m is the mass of the element and r the radii^^^ 
cura-ature of its path at PQ Hence the force exerted bv the 
tube on the element of the string is now TB-im-fT. Suppose 
now the velocity is so adjusted that the tube exerts no f^ 
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on PQ, then TO-m^fr, or ^=Tr9fm Lot p Iw the mass of 
nm t. length of the strmg, then n^thc mass of PQ is p/*<2, or 

a j 


prfl, and therefore 


IT sa-^i 

P 


r 

The element of atnng that we are considenng non exerts 
no force on the tube. As the expression for the velocity 
which secures this result does not contain r, hut only T and p, 
which are the same for eveiy element of the stnng, it follow's 
that there is no pressure on any part of the tube 

The tube is therefore not needed to maintain the shape of 
the string, and can he imagined to be removed without making 
any change in the motion We have then the stnng running 
rapidly to the left, and the wave form in equihbi lum, and at 
rest relatively to surrounding objects That is the same thin" 
as saymg that the wave is running along the string If the 
stung IS at rest, and the wave is started running along it, it 
will travel with a velocity as any other velocitv would 
require the contmuous application of external forces toprment 
the form and amplitude of the wave changing as it processes 
Thus IS the only velocity that is consistent intli the w ai e 

H It foUows from this expression that tlic velocitv of a 
Werse wave along a stretched stnng dopendl oX on the 

Vdoo.^, A 


V f ‘he penod of vihmtion o£ a small 

1 fl.e -avelenga,. 

wave for a given amnhtudf. So” case, for the shorter the 
of the stnnf, ^dXS^te?^^^^ -«*‘'ature 

/ie fHe 
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Pig 22 Hoiicc, the restonng force is grenter toi a short 
wave timn foi a long one, and the pcnotl of vibration of a 
paiticlo IS less nlion a short na\o is passing o\er it than it is 
when a long waso is passing 

V/ 57 Superposition of Waves Jxit us now return to 
our strcteliod cord and ninko niiothci cxpcniiicnt Send a 
waic along the cord, and just as it is roflectwl from the fixed 
end, send anotlicr along to meet it They will meet in tho 
middle of the cord and will be seen to pass through eaJi other 
Each will go on its waj quite undistiirlicd except at the 
moincDt when it is passing the other At that monicnt the 
two waves cannot of course exist separately, tor the cortl 
cannot tahe two different shupes at once In oitlcr to find the 
actual shajic of the cord wo proceed in the same way as we did 
in constructing Lissajous’ Figures The procedure is simpler 
in tins case foi, since the displntcmonts aro in the same 
straight line, their i exultant is simply their sum oi rliffeitiice, 
accoiding as they aic in the same or opposite directions 
We may regard this as a hunting case of the Pamllclqgmni 
Law, whtio tho angle lictwccn the two displacements is /oro 
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Suppose the thin continuous cune in Fig 2.J rcpi’eseuts 
tlie shape the coid would take at a paiticular moment if only 
the reflected waie were piesent, and suppose the dotted ciino 
ropicsonts the shape of tho cord if tho loflected waic were 
not piesent, and wo had only tlie direct wa%o that was sent to 
meet it 

Tlie shape of tho string when both wa%cs aie present is 
found as follows At any point draw an ordinate at right 
angles to the undisturbed direction of the string and long 
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enough to cut both curves Let ordinates measured upvrards 
be considered positive, and those measured downwards negative 
Now add the ordinates of the two curves at the point chosen, 
taking account of their sign, and mark the pomt that has an 
ordinate equal to their algebraic sum At A, for instance, the 
ordinate of the dotted curve is AB, and that of the full curve is 
AC AB IS positive and AG is negativa Then algebiaic sum 
IS therefore the difference of the two lengths AB and A £7, and 
IS positive since AB is greater than AO Thus we have to 
mark a pomt 2) between A and B, such that A2) is the diffei- 
ence between AB and AO, or to reduce the ordinate AB by an 
amount BD equal to AG D will be a point on the curve 
actually assumed by the stiing at the moment considered At 
E both ordmates are downwards, and the oidmate required is 
EH, such that EH=EF + EG Proceed in the same way at a 
number of points along the strmg, and draw a smooth curve 
through the ends of the ordinates obtomed by adding algebra- 
ically the ordinates of the two curves to be compounded The 
curve so obtained gives the actual shape of the string at the 
moment we are considering It is shewn by the heavy curve 
m Pig 23 j j 


58, Reflection of Waves at the end of a stnng. 

We must next look moie closely into what happens when the 
wa\e is 1 ejected at the fixed end of the cord 

Shake the end held in the hand in such a way as to send 
only a cuMt along the cord When it is reflected it will be 
seen to ^ changed into a trough, and converaely a trough 
reflected from the fixed end returns as a ci-est If a complete 
wave comstmg of a crest and trough is sent along the cord 
crest fii’st, it null return trough first 

fi, mention here, for the sake of completeness, though 

pracfacal importance for oui present puroose, 

tuis change A crest returns os a crest and a trough as a 
trough. This can be shewn by letting the cord hang verticallv 

nghfhLd sfdf ^ a crest down the 

A “ ^ instance, it will return from the 

free end as a crest still on the right We shaU meeHaS 
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mth an analogous and important difference between the 
reflections of an air-wave at the closed and open end of a pipe 

It IS easy to see that there must be some such ^ 
difiei'ence between the reflection at the fixed and the 
free end Suppose (Pig 24) is the free end and the 
crest IS just reaching it S will be pulled to the light 
by the amruig wave, and as it is free to mov^ it will 
acquire a velocity to the right, just as though it bad 
been moved to the nght by the hand, and so will send 
back a crest to the nght 

When B is faxed this cannot happen. Whilst the 
first half of the crest is arnving, B uould, if free to 
more, be moving to the nght But B is fixed, and we 
may therefore regard it as having also at each instant 
a velocity equal and opposite to that due to the direct 
wav& Thus whilst a crest is arnving at B a trough is 
also leaving it ^ 

59 Method of finding the position of the re- 
fiected wave We can find the position at any moment 
of the -nave reflected from a fixed end by the following 
construction 


B 


D 

Fig 35 

Let be the position of the undisturbed stnng, tbe end 
B hemg fixed Suppose one complete wave has been sent from 
At and at the moment considered it has reached the position 
shewn by the full Ime This line does not gii e the shape of 
the stnng at tbe moment m question, for part of the wave has 
already been reflected, and the reflected part bos to be com- 
pounded with the amvmg part to give the shape of the stnng 
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Ima^ne the amving part of the wave to be optically reflected 
twict First reflect It in We thus get Fig 26 converted 

into Fig 26, No 1 Next reflect the curve in Fig 26, No 1 



m CD, and we get Fig 26, No 2 The continuation of this 
curve to the left of CD gives the position of the reflected part 
of the wave at the moment we are considering, and if we com- 
pound it with the amvmg part of the wave, we shall get the 
actual shape of the string at this moment In order to shew 
the application of the method we shall pass at once to the 
important case where a continuous train of waves travels to 
the fixed end of the strmg and is reflected there 


A 



Eig 27 


60 Superposition of the direct and reflected 
waves The continuous curve between A and D represents 
the tram of waves travelhng towards the fixed end D, where 
they are reflected The curve between jS and G is the curve 
obtained by the double reversal of the arriving waves The 
dott^ curve between A and D is the continuation to the left 
of the curve DC, and shews the position of the reflected tram 
at the moment for which the figure is drawn If the full and 
dotted curves between A and B be compounded by adding 
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their ordinates as described above, we shall get a curve which 
repiesents the actual shape of the string at this moment. 

At B the ordmates of the direct and reflected curves are 
equal and opposite, and the ordinate of the resultant curve is 
consequently zero at this point Tins must obviously be the 
case, as the pomt B is fixed and cannot have any displace- 
ment Now lemembenng that the direct oune is moving to 
the light and the reflected curve with its imaginary extension 
to the right of B is niovmg to the left^ it is clear that BD and 
BE will always be equal and opposite At the moment for 
which the figure is drawn J) and £S are both moving towards B 

When P reaches B fiom the left Q will reach JB from the 
right and both constituent curves w ill have zero ordinate. A 
little later D wiU be below B, and B w ill be above, but always 
by the same amount Assuming as the result of expermient 
that a tram of waves ta reflected from the fixed end, and 
observmg that the direct and reflected tmin must always com- 
pound to zero at B, we can, in fact, deduce the position of the 
reflected tram relatively to the direct tram, and the construction 
just given IS devised to secure that the conditions shall be 
satisfied No other position for the leflected tram than that 
shewn will give the resultant ordinate at B always zero 

61 Stationary Vibrations It will be seen on 
examining the figuie that B is one of a senes of points at 
which theie is nevei any displacement These points are 
marked by circles and are obviously half a wave length apai fc 



Fig 28 
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If the resultant curve is draim it vrill be found to be as 
sheivn m Fig 28 It is a sine curve of the same wave length 
as the onginal wai es, but instead of travelhug along it remains 
in the same position and merely changes in amplitude 

"When JP reaches B the direct and reflected waves will be 
coincident, and the resultant curve will have double the am- 
plitude of either constituent. When the direct curve has 
travelled still further by half aware-length and J? has reached 
B, the two constituents will be exactly opposite in phase, and 
their ordiM.tes will be everywhere equal and opposite Hence 
the resultant curve will he simply a straight Ime The string, 
will be in its equilibrium position everywhere for the moment 

In the same way a number of other positions of the string 
can be determined, and it will be found that whilst two 
consecutive pomts marked 0 remain at rest, the string between 
them takes all the intermediate positions between a crest of 
double the height of a crest of the direct or reflected wav e, 
and a trough of double the depth of the trough of a direct or 
reflected wave. 

This mode of vibration of the string is called stationary 
vibration The pomts that are always at rest are called nodes 
and the portion of string between two consecutive nodes is 
vanously denoted a foqp, a ventral segment or a vibrating 
s^ment The point at the centre of a loop is called an anitnod^. 
It IS easily seen from Fig 27 that the length of a loop is half 
tne wave-length of the onginal train of waves 


Tj- if ^ demonstration of Stationary 

Vibrations. Stationary vibrations can be readily formed 

an isolated shake 
^ former experiment, 

^p ^e end in continuous up-aud-down vibration, so as to 
^nd a trmn of waves along the conJ At brsb the result 
^ Prolj^ly be only a confused motion, but jf tJie rate of 
^bon be p^ua% increased, it will be found that at Lme 

*» gradually mcreaswj still farther 
tt- to follovred presS bTtto 
=toug again hreafang up into loops, but with one iL m“e 

C R. ^ 
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than before. We cannot get nodes and loops "svith every rate 
of vibration of the end, for the wave-length depends on the 
rate of ^•lbl•atlon, and the string will break up into loops only 
when the half wave-length is an ahquot part of the whole 
length of the cord 

63. Transmission of energy along a tram of 
Stationary Waves It is to be noted that when the string 
breaks up into loops the hand is at a node, though we have 
spoken of the nodes as points of no motion The string cannot 
be absolutely at rest at a node, for if it were, no energy would 
be transmitted through it to the part beyond The amplitude 
of vibration of the hand need be only very small to set up 
after a time a considerable amplitude of vibration of the stnng 
At the nodes intermediate between the hand and the fixw 
end the motion is mainly a change of direction of the stnng, 
the vibrating stnng cutting the hne given by the undisturbra 
stnng at a laiying angle As no stnng is perfectly flexible 
this ^ange of direction is sufiicient to transmit energy through 
a node This will be better understood when the chapter on 
resonance has been read 

64 Frequency of Vibration of a String The 
time taken for a loop to perform one complete vibration, say 
from the upper limit of its swing to the lower limit and back 
to the upper limit, is the time taken by the direct or reflected 
tram to trai el one wave-length , for the loop is at its upper 
limit when each of the constituent trains has the centre of a 
crest at the centre of the loop, and the loop will come again to 
its upper hmit when the next crest of each of the constituent 
trams has come to the same place 

We saw that the velocity of a train of waves is If 

I IS the distance between two nodes 21 is the wave-length, and 
hence the period of vibration r~2l — >jTfp or if we express it, 
as Is more usual, in terns of the frequency n, we have 



As there is no appreciable motion at a node, we may now 
clamp the string at any two nodes, and we get the ordinary 
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case of a string fixed at both ends, as used in musical instru- 
ments such as the violin, harp, pianoforte, etc In the 
ordinal y use of such instruments there are no nodes except 
those at the tvro fixed ends, and the number of vibiations per 

1 {T 

second of a string so used is ^ — In using the formula 

care must be taken to use a consistent ^stem of umts. If the 
c 6 s system is used, I "will be measured in centimeties, T in 
dynes, and p m grammes per centimetre If the Bngbsb 
system be used, I m&y be measured in feet, 3^ in poundals, and 
p m pounds per foot 

As an illustration take the case of a stnng one metre long, 
■weighing 6 grammes per metre, and sti-etched ■with a force 
equal to the weight of 20 kilogrammes Seducing these to 
the units mentioned above foi the c Q s system we have 


l/ 


”~ 200 \/ 


20 000 X 981 
05 


= 99 


66. Laws of the Vibrations of a String. The 
1 /T 

formula n = ~ shews that we can altei n, the frequency 

of a stretched stnng, and consequently the pitch of the note 
given out by the stnng, in three ways 

(1) We can alter the length of the string The frequency 
IS inversely proportional to the length, so that if for instance 
we halve the length, the strmg will vibrate twice as rapidly 

(2) We can alter the tension of the stnng The fie- 

^ of tension, so 

coat It y be made 4 tunes as great, m will be doubled 

twistmg fine wure round 
of t J ocy IS inveraely proportional to the square root 
of the mass of umt length of the stnng, thus if we quadruple 
the mass we shaU halve the fiequency 4«aorupje 

66. The Monochord. These laws can be tested 
expenmentaUy by means of the monochord A wire fastened 

bndg^l an^A^twch P'^ses over two fixed 

nages A and A, which may convemently be a metie apart, 

4—2 
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and tlion ovoi a pulley to a scale pan in n Inch weights can bo 
placed 



The tension of the string is then equal to the n eight of the 
scale pan and weights 

A third budge 0 can bo moved along a graduated scale on 
the top of the box to any position between A and Ji 

We have here a string AC^ whoso length can lx? altcicd by 
moving the bridge G, and whose tension can be altered by 
altering the weights in the scale pan We can also substitute 
n lieai ler or lighter string 

It iB convenient to have stretched on the box a second string 
for comparison Tins is fixed at one end to a pin that can bo 
twisted by means of a key, so that the tension of the stnng 
can be altered 

To test the relation hetween the length and 
frequency of a string Adjust the tension of the com- 
panson stnng until on being plucked or bowed with a vuohn 
bow It gives a rather higher note than the string AB when the 
the budge G is removed Insert the bndge C and adjust its 
position until the stnng AC gives the same note ns the 
companson stnng, and read the length AG on the scale Now 
adjust G until AG gives a note an octave higher than the 
companson stnng We know that we have doubled the 
frequency ot AG and by observing the new position of G on 
the scale we shall find we have halved the vibrating length of 
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the string Similarly, if -we adjust C until AG gives a note 
a fifth ,above the note of the comparison string, we shall find 
we have reduced AC to two thirds the length it had when the 
strings were in unison, and we know that the rise of pitch of 
a fifth coriesponds to an incicose of n in the ratio 3 to 2 
Thus in each case tij n„ = lg Z, where n, and aie the frequency 
and length corresponding to the unison, and n,j and l„ those 
corresponding to the octave oi to the fifth 

68. To test the relation between the tension and 
frequency of a string Adjust AO to gi\ e unison as before 
Keeping 0 fixed, add weights to the scale pan until the note 
given by ^(7 18 an octave above that of the comparison string 
It will now be found that the scale pan and weights together 
weigh four times as much as when the strings were in unison 
We thus see that the frequency has been increased pro- 
portionally to the square root of the tension A similar 
experiment can be performed with the interval of a fifth 
when it will be found that the weight must be increased 
m the ratio of 3® to 2® 


69 To test the relation between the mass of a 
string and its frequency. Adjust AC to give unison and 
denote the length AC by Z, Take off the wire, cut off a piece 
and weigh and measure it Suppose the weight per centi- 
metre is ^ gramm^ Now fix on the monochoid another 
stung of different thickness whose weight per centimetre is 
P2, and attach the same scale pan and weights Adiust AC 

unison with the comparison stung, 
and let the length AC be now Zj 

If the laws be true wo liave in the fiist case 




and m the second case 


= 1 

2^V p/ 


T 

Pa 


have beea 



54 


TBAKSVERSE WAVES 


[CH III 


consequently to prove the law ntc —p., as we have already 

VP 

verified the law % which is also involved in the 

expression we have just found 

70 PoBitioiiB of the PfodeB In these expeninents 
with the monochord we have had nodes only at the fixed ends 
The experiments with the indianibber cord shewed that a 
string can vibrate in any number of equal sections separated 
from each other by nodes, and it is possible to make the string 
of the monochord break up into sections, if, when it is plucked, 
it IS touched gently with the fingei at some point that is a 
possible node, so as to pi event vibration at that pomt 

Remove the bridge G and pluck the strmg Now touch 
the strmg gently at the middle, and pluck again. The note 
iviJI be found to have gone up an octal e, and tlie string will 
continue to give this note for a short time after the finger is 
removed In the first case there were nodes only at the fixed 
ends In the second case the finger compelled the formation 
of a node at the centre, and consequently the note was that 
gii en by a stnng of half the length 

Next touch the stnng one-third of the way fiom one end 
and pluck the shorter section The strmg will vibrate in 
three sections, and give a note with three tunes the frequency 
of that giien by the uhole stnng, that is, a twelfth highei 
Similarly we can make it nbrate m four, five, etc. sections 
by touching it one fourtli, one fifth, etc. from the end The 
notes are produced more easily — especially the higher ones — 
if the string is touched with something nanouei than the 
finger, such as a match or a quill 
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When the string u. touched at B and plucked between 
A and B, where AB is one third of AD, there is a node also 
at G, half way between B and D This can be shewn by 
cutting short strips of paper, bending them in the middle, and 
hanging them over the stnng at E, G and E When the 
string IS plucked, the papei iiders at E and F will jump off, 
whilst that at G will remain at rest, thus shewing that a node 
has been formed at G 

We see then that a stnng can give out a series of notes 
according as it vibrates as a ^\hole or m two, three, four, etc 
sections If the frequency of the lowest note is taken as unity, 
the frequencies of the higher notes will be 2, 3, 4, etc , since 
the frequencies are inversely proportional to the lengths of one 
section of the strmg in each case, and the string is divided 
into two, three, four, etc equal sections foi the respective 
notes 

71 Nomenclature of Modes of Vibration. Most 
sounding bodies are capable of vibmting m a variety of 
ways, which give rise to notes of different pitches Of these 
notes the lowest is called the fundamental and the rest over- 
tones 

A senes of notes m which the frequencies are in' the ratio 
1, 2, 3 etc is called a harmonic series, the separate notes being 
referred to as harmonics When, as in the case of a stnng, 
the overtones form a haimonic series, they may be called 
harmonic oveitonos We shall meet with many cases in which 
the overtones are not haimomc 

72 7he Harmonic Senes We shall make frequent 
use of this senes in the foUowmg chapters, 
and the student who has some knowledge 
of musical notation will find it useful to 
learn the positions of the lower members of 
the senes on the usual clefs 

In Fig 31 the first twelve terms are 
shewn in the positions they would occupy 
if the lowest note were C The figures to 
the nght shew the relative frequencies 
The seventh and the eleventh harmonics are 
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Fig 31 
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enclosed in brackets as they are not exactly lepresented by any 
note in the scale The seventh is between and A and the 
deventh is between F and P g. 

The figure is useful for finding the vibration ratios of the 
ordinary musical intervals The major third, foi instance, 
appears twice in the figure, as the inten al between the 4th 
and 6th membei's of the series, and between the 8th and 10th 
In each cose the vibi-ation ratio is 4 to 5 

Theie is a dififerenco of practice amongst iviitei's ns to 
M Inch member of the series is called the first haimonic Some 
call the loMest note 0 the first harmonic, others give the name 
to the second term We shall adopt the formei plan, as it has 
the advantage of connecting the numbei of the harmonic ivith 
its vibration numbei Thus if the fundamental has a frequency 
represented by 1, the fifth harmonic has frequency 6, and 
similarly for the othera 

Another tenn sometimes applied to the teiras of the series 
is partxaia or liarmome partmls When we ha\e occasion to 
use this term ne shall adopt the same convention as in the 
case of harmonics, and call the lowest note of the senes the 
first partial The term partmls is not applied to ovet tones 
It IS restricted to the members of the haimonic senes, and 
more particularly to such members as are present in a complex 
note, as wUl be explained m Chapter IX 

^ Effect of Imperfect Flexibility of a String 

relations between the frequencies of a stiing, which we 
liave deduced in this chaptei , hold strictly only for a perfectly 
flexible stnng , that is, a string that can be bent without any 
force bemg ne^ed 

Any actual string oflers some shght lesistance to bending, 
and the overtones consequently do not faU quite exactly into 
the haimonic senes — each overtone is a little too high in 
pitch For the lowei members of the senes, as given by a 
strmg that is not very short, the divergence from the harmonic 
series is not great. 
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74. Transverse Waves cannot exist in a Gas. 

The transverse waves discussed in Chaptei III have not the 
same importance in the theory of Sound as have longitudinal 
waves, but we have dealt with them first, hecauBo they aio 
moie easily shewn eipeiimentally Everyone is familiar with 
the transverse waves on the surface of water, whilst longi- 
tudinal waves are visible onlynn exceptional cases, and their 
piesence and properties must generally he demonstrated by 
indirect methods 


The importance of longitudinal waves arises mainly from 
'•tlie fact that air is the medium by which sound waves are 
generally earned from the place of their ongm to the heater, 
and no other waves than longitudinal waves uin travel in air 
A gM offers no permanent resistance to change of shape 
Whdst the change of shape is taUng place theto will be some 
Slight resi^ance m consequence of the viscosity and ineitia of 

nf ^ considerable when the change 

of shape of the gas takes place very rapidly, as when an aeroplane 
or motel car travels through the an at high speed Such 
foic(» however are always opposed to the diiection of motion 
and disappear as soon as the motion ceases, so that there is no 
tendency for the gas to resume its ongmal sliape The onlv 
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We cannot see the waves in air, as we see the waves on a 
stretched string, and so we must for the present assume the 
possibility of their existence, leaving the experimental de- 
monstration of their presence until we have disouased the 
phenomena of interference 

75 Experimental demonstration of Longitu- 
dinal Waves in a Spiral Spring Waves closely 
resembling the longitudinal waves in air can be produced in 
a visible form in a horizontal spiral spring The following 
dimensions and manner of supporting the spring are taken from 
Barton’s Text Book of Sound, p 7 “A hehcal coil should be 
wound in a lathe, the wire being of soft copper about 1 5 mm 
diameter, its turns being 10 cm diameter , then pitch, or 
distance apart longitudinally, may be about 1 cm , the whole 
coil bemg 2 m long, thus contaming about 200 turns. 
Each turn of the coil should be supported by a fine silk thread 
m the form of a V, each hmb of the V being about 1 m long, 
its two upper ends being fixed half a metre apart to a wood 
framework These dimensions are chosen to insure a slow 
advance of the disturbance from one end to the other, and 
cannot without disadvantage be departed from at random ” 

If one end of the coil is pushed inwaids a little, the turns 
near the end will be forced nearer together, forming uhat 
we may term a compression, and this compression will tiavel 
slowly to the other end of the coil If on the other hand the 
end of the coil is pulled outwards a little, the tuins near the end 
ivill be separated more widely from each other, and this state, 
which we may call a laief action, will also be seen to travel 
slowly along the coil If now the end be fii-st pushed inwards 
by say 1 in from its equilibrium position, then diawn back- 
wards 2 ins and finally letumed to its equilibrium position 
with a steady movement approximating to one complete 
harmomc vibration, one complete wave consisting of a region 
of condensation followed by a region of raiefaction will be seen 
to travel along the coil If any one nng of the coil is watched 
whilst the uave is passing over it, that nng uill be seen to 
perform a smgle vibration similar to tiie vibiation that the 
end ivas made to perform, and will return to rest as soon 
as the wave has passed Thus, if the left-hand end of the coil 
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IS made to perform a harmonic vibration, each rmg m feura 
will perform a similai vibration, and each ring vnU begin its 
vibration a IiCtle later than its left-hand neighbour - 

The motion of the successive turns of the coil is very 
similar to irhat can be shewn theoretically to be the motion of. 
successive layers of air over which a sound wav e is passing 

76 General description of the propagation of 
Air-Waves Having thus obtained a general idea of the 
nature of longitudinal wave motion, we pass to the case of 
waves in air 

S 
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Fig 32 

Imagine a circular cylinder AB containing near one end a 
piston C, which fits the cylinder air-tigbt, but can move easily 
Within it Suppose the piston is moved rapidly a little to the 
ngbt, and is held at rest in its new position A thin Kiyoi 
of air CD close to the piston will be momentanly compressed, 
whilst the rest of the air in the cylinder 'will be momentanly 
unaffected, for the air has inertia, and the motion of the layci 
near G cannot set the next layer in motion instantaneously 
The ^3’er CD will therefore be compiesstd, and its pressure 
wuU he greater than that of DE, but this state of affairs 
Mnnot remain, and CD will at once begin to evpand towaids 
tbe nght, communicating its compression to DB, which in 
turn will commumcate it to EF, and so on, a pulse of 
corapiession travelling onwards towards the right \Vc will 

to prsLT””' of v'ta 

descnption of the propagation of a pulse of 
not shew whether the 
steS compressed, rarefied, or jn its on.nnal 

to the right Km 
0 the piston not oiS} comi>resscs the layer CD, but 
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also sets it in motion, and it can be shewn mathemati< 
that when the layer CD has reduced itself to rest by ci 
mumcating its momentum to DE, it has also got iid of 
compression, and has therefore returned completely to ' 
original state The same is true of each succeedmg layer, 
therefore when the pulse has passed, the air is left in'* 
undisturbed state 

77 Experimental Analogies The case is analc„ 
to that of a single transverse wave sent along a stretcl 
string We saw in the expemnent with an indiarubber • 
described in Chapter HI, that as soon as the wave had pa>. 
any section of the cord, that section was left undisturbed ' 
whole of the energy of the wave was transferred from 

to section leaving none behind, except such small amount 
was lost by conversion into heat m consequence of the i 
perfect elasticity of the stnng 

The following expenment is still more closely analogous 
the propagation of an air-wave Place a dozen glass or u. 
balls in cofltact with each other on a board m which a 
groove has been cut to keep the balls in line. Now i 
anothei ball along the groove so as to strike one end of the 1 
It will be found that the ball at the other end will leave 
line and roll away, leaving the remaining balls at rest i- 
energy of the first ball has been tiansferred completely fn 
ball to hall, until it reaches the last, and this last ball, find ’ 
no other to which it can transfei ite eneigy, is set in moi» 

78 Longitudinal Vibrations of Particles of 

Let us return now to the cylinder and piston Instead 
imagining the piston to be moved quickly to the right, let* 
suppose it IS moved to the left The layer of air CD w^ th 
be rarefied, and its pressure will fall Air will flow m fn 
DE to restore the pressure of CD, and DE will be ra ..f 
and the same will happen to each succeeding layer Th** 
a pulse of rarefaction will travel to the right 

If now the piston is kept vibrating continuously, a tr"'*' 
of waves consisting of altei-nate condensations and raiefactn. 
will travel along the tube i 

It IS evident that the particles of air in contact with ' 
piston must follow its motion, and vibrate in a direc 
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parallel to the axis of the tube This causes a similai motion 
in the next layei and in all the succeeding layens, so that every 
particle of air vibrates to and fro in the direction in which the 
wave travels It is for this reason that waves of condensation 
and rarefaction are called Longxtudxndl Waves, to distmguish 
them from waves such as those described in Chapter III, 
where the mdividual particles vibrate in lines transverse to 
the direction in whidi the waves travel In the case of 
transverse waves one complete wave includes a crest and a 
trough In the case of longitudinal waves one wave consists 
of a region of condensation and a region of rarefaction 

79 Properties of Longitudinal Waves. It can be 
shewn that, if the piston is made to vibiute haimomcally, 
every particle of air along the tube will vibiate harmonically 
as the waves pass over it Further, if we consider a row of 
particles lying along a hne parallel to the axis of the tube, and 
equally spaced along that line when no waves are passing, 
there will be a uniform retaixlation of phase from particle to 
particle, as we pass along the series from left to right, when 
the waves are made to travel from left to right A tram of 
waves would result from any periodic vibration of the piston, 
whether harmonic or not, but the waves resulting from 
harmonic vibrations aie the simplest theoretically and, as we 
shall see when we discuss Fourier’s Theorem, they may be 
re^rd^ as the fundamental form of wave motion, from which 
all other forms of waves can be denved We shall limit 
ourselves to harmomc waves for the piesent 

If we assume that each particle of the senes mentioned 
a^ve vibrates harmonically, with a uniform retardation of 
phase as we pass fiom particle to particle along the senes, we 
^n deduce many of the more important properties of 
longitudinal waves 
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Let AB be the hne along which the particles he, and 
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suppose that when no waves aie passing there is one particle 
in the centre of each of the 17 sections into •which the line is 
divided by the short vertical hues When the waves are 
passing, the particles ivill perform harmonic vibrations Let 
us suppose that the extreme range of vibration of a particle 
is the length of one of the sections, and each particle is a 
sixteenth of a penod behind its left-hand neighbour Suppose 
particle 1 is passing from left to right through its equilibnum 
position at the moment we are considering, then particle 
2 -will also be moving from left to right, but will not reach its 
equilibrium position until one si-vteenth of a penod later 
Similarli particle 3 will be one eighth of a penod behind, 4 will 
be three sixteenths behind, and 5, being a quarter penod 
behmd, wull be just at the left-hand end of its swing, and so 
momentarily at rest Particle 6 will be coming up to its 
left-hand limit, and so will be moving to the left. 

It is easj to follow out this process along the low, and it 
ivill be seen that all the particles from 1 to 4 and from 14 to 17 
are moving towards the right, and all from 6 to 12 towards the 
left. 5 and 13 are at tho ends of their swung, and 1, 9 and 17 
aie passing through their equilibrium positions 

As the particles are all vibrating harmonically, we know 
that they ha\e their greatest velocity when passing through 
their equilibrium positions, and ha'v e no velocity at the ends of 
their swungs The velocity is therefore a maximum at 1 and 
diminishes to zeio at 5 It is then reiersed and increases to 
a maximum at 9, and agam dimmishes to zero at 13, where it 
IS once moie reversed, and mcreases to a maximum at 17 

80 Condensation and Rarefaction We must 
next find the positions of the regions of condensation and 
rarefaction Each particle is m adiance of its nght-hand 
neighbour by one sixteenth of a period, that is, the time 
difierence is constant for each pair of neighbours. The space 
difierence howeier •will vary„for a particle moves faster the 
nearer it is to its equilibnum position Suppose for the sake 
of argument that the period of "vibration is one second, and 
the range of vibration &om end to end is one mch (Ordinary 
sound waves m air have a much smaller penod and amphtude, 
but this does not afiect the principle of the method ) 
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We can find graphically by use o£ a diagram similar to 
rig 7 the distance a particle moves in each sixteenth of a 
serond Suppose a radius moves unifoi-mly round 0 m & 



counter-clockwise direction, making one complete turn in a 
second Let us reckon the time from the moment when the 
radius is in the position 1, and drop perpendiculars on the 
horizontal diameter, so that the position 1 corresponds to a 
particle passing from left to nght through its equilibrium 
position ' One sixteenth of a second later the radius is at 2, 
and the particle is at a distance OA from its equilibrium 
position After another sixteenth of a second it is at B, 
and so on It will be found by measurement* that the 
lengths OA, AB, BG and GJ), which are the distances moved 
through in consecutive sixteenths of a second, are *19, 16, 
11, 04 mches respectively, and the displacements OA, OB, 
OG and OD are 19, 35, 46 and 50 respecti\ely. 

Returning now to Fig 33 1 is in its equilibrium position, 2 
IS 19 m away from its equdibnum position and hence 1 and 2 
are 81 in. apart^ 3 is *35 in from its equilibrium position, and 

* The lengths OA, OB and 00 can be fonnd at once Ironi a table of 
cosines, for it is evident that OA=i cos 67i°, OB=i cos 45° and so on 
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henco 2 and 3 are 84 apart Similarly 3 and 4 ai-e 89 apart, 
and 4 and 5 are 96 apart 

Wlien no waves ate pissing and tho air is at lest, any two 
neighbouring particles are 1 in apni t At the moment under 
consideration all the pairs of particles from 1 to 5 arc less than 
an inch apait, and consequently there is condensation in this 
region , the condensation being greatest at 1 and diminishing 
as we go towards fl Similarly it can he shew n that all tho 
pairs of particles from 5 to 13 are more than an inch apart, 
the excess being greatest at 9 Consequently there is rare-* 
faction in this region with a moxiniiini at 9 At 13 tlie 
larefaction changes again to condensation and so on 

81 Summary of the Properties of Longitudinal 
Waves We can summari/o our conclusions thus 

■(1) Wlien a paiticic is passing through its cquilibnuin 
position it has its maximum velocity 

(2) If it IS then moiing m tho same direction as the wave 
IS travelUng, it is at the centre of a region of condensation , if 
it 18 moving in the opposite direction to that in which tho 
wave 18 tmvellmg, it is at the centre of a legion of rarefaction 

(3) When a particle is at either end of its swing it has 
no lelocity, and tlio air in its immediate neighbourhood has 
its normal density, with condensation on one side and rare- 
faction on tlie other 

82 Associa'ted Cuivcs By making use of certain 
conventions we can shew these relations bj curves Let an 
ordinate drawn upwaixls represent tlie displjccmcnt m the 
direction of^ the motion of the wave of a particle whose 
equilibrium position is at the foot 
of the oidinate, and iice versa. 

We shall then get a curve such ns 
that shewn in Fig 35 for the „ 
senes of particles in Fig 33 Diapkcoment Gunc 

To shew tho changes of velocity, let velocities m the 
direction in which the wave travels 
be represented by upward oidi- 
nates and velocities in the opposite 
direction by downward ordinates 

We then get the curve of Fig 36 Veiotity Cui\e 
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Lastly, let upward ordinates represent condensations and 
downward ordinates raiefaction^ 
and we get the curve of Fig 37 
These curves are all sme 
Curves, but the velocity and pjg 37 Condensation Carve 
condensation cunes are moved 

a quarter of a wave-length to the right as compared with the 
displacement curve. 

It is important to remember that the displacement curve 
does not shew directly the displacements in the directions in 
which they actually take place, but merely represents them 
conventionally It is for this reason often called the Asso- 
ciaied Curve of the wave 



83. Sound Vibrations are superposed on Mo- 
lecular Motions. A further warning should be given here 
The “particles” of which we have spoken must not be taken 
to be induidual molecules of the gas, but small volumes each 
contammg a large number of molecules According to the 
Kinetic Theory of Gases each molecule is in irregular and rapid 
motion, even though the gas as a whole is at rest. The ela^c 
vibrations of which we have spoken are regular penodic 
motions, which are superposed on the irregular motions of the 
molecules If we take as our “particles” small cubes with 
edges of, say, *001 milhmetr^ each cube will contain so many 
molecules that its centre of gravity may be taken to be at rest 
when the ^s as a -whole is undisturbed, and yet the cube wili 
be so smaU that we need not consider the difference between 
the displacements of two opposite faces, but can regard it as 
movmg bodily to and fro without change of shapd or mze 

Crova's Disc. The conclusions at which we have 

dtecribed on p 58 A still simpler piece of apparatus for 
similar to those in a longitudinal wave is 
in*T TP construct such a disc proceed in the foUow- 

ing way In the centre of a large card draw a smaU circle. 

^ameter Divide the circumference of this circS 

o, etc With 1 as centre draw a circle of 4 m radiuR 
2 cent™ dntw a cnrcle of cadtuc, 
c s 


5 
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card with a slit cut in it, the slit being in the position shewn 
by the dotted hnes in the figure 

If now the card with the circles drawn on it is made to 
rotate round the pm os centre, the small pieces of the circles 
seen through the slit will be seen to vibrate to and fro, and 
waves of compiession and raiefeiction will travel along the sbt 


86 Wave-Fronts We have hitherto discussed only 
the nature of sound waves in a cyhndrical tube The thin 
sheet of compression pioduced by a rapid movement of the 
piston of Fig 32 is a plane section at nght angles to the axis 
of the tube, and it remams so as it tiavels along If a surface 
be drawn in such a way that at any moment all the paHicles 
of air in the surface are in the same phase, the suiface is called 
a WaA3erFT(y{ii There are an infinite numbei of wave-fronts 
even in a smgle wave-length The wave-front might foi 
instance be the locus of all the adjoining points that aie at 
the moment at the point of maximum compression, or that are 
passing in a paitioular direction through then eguihbrium 
position, or are m any other phase we may choose to select 

It IS evident that the wave-fronts for the aii-waves we 
have coMidered so far are planes, and the waves are therefore 
called PldiMt Waves Such waves are exceptional, and wo 
must now pass to the more usual type of waves, where the 
wav'e-f routs aie in general not plane 


86 Spherical Waves m Air. Imagine that we have 

at some point m t^air a small spheie which expands and 
contracts rapidly Wlien it expands, a spherical layer of an 
near its surfece is compressed, and the compression spreads 
outwards When it contracts the layer of air near its surface 
is rarefied, and the raiefaction spreads outwards in the rear 
^ ^ compression If the spheie continues to expand and 
wntract penodicaUy, we shall have a senes of Sheets of 
compression and rarefaction spreadmg out alternately As 

toTOl tefer m one <iire*on thon m another, it may brasSed 
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eveiy othei ^va^ e-front is also a sphere with the centre of the 
pulsating sphere as centre Further, it is clear fiom symmetry 
that tho direction of vibration of any paiticlo of air is along a 
ladius of the system of spherical wave-fronts 

87 Direction of Propagation of a Wave Wo 

may boiixiw a conveiiiont oxpiession from Optics, and say 
that the pulsating spheie sends out Raya oj Sound in evoiy 
diiection, and the direction of piopagation of tho sound at any 
point IS along the ray thi-ough that point , or, since tho rays 
are radii of tho wai e-fronts, tho direction of piopagation at any 
point IS at light angles to the wa\e-fiont passing through that 
point This IS an instance of tho general law that tho diicction 
of propagation of any wave motion at any point is noiinal to 
tho wave-fiont passing through that point, whatovci the shape 
of the xiave-fiont may be We shall have occasion to make 
USD of this law in a later chapter 

88 Elnergy of Air Waves As the spheie vibrates, 
it meets with resistance from tho air, and thoi oforo m ork has 
to bo done to make it vibrato Energy is thus communicated 
to tlie air, and travels out-n aids m itli the waves Tlio energy 
of the ivaves is pni tly kinetic and partly potential A particle 
executes harmonic vibrations about its mean position, as tho 
waves pass over it, and it theiefore possesses kinetic energy, 
except at tho moment when it is at tho end of its swing Wo 
have seen also that there are regions of condensation and 
rarefaction in a wave, and thcrefoie there is potential oneigj' 
everywlieie, except at a point where we are passing fiom a 
condensation to a raief action, or vice versa. Tho energy is 
not distnbuted umformly over the wave, for wo saw that 
at the points of no velocity there is also no compression, and 
consequently at these points the air has no oneigy above what 
it would hav'e if no waves wei e passing 

It can be shewn that tho total energy pei umt of volume 
of a medium thiough which sound waves aie passing is pio- 
poitional to the squai-e of the amplitude of the waves, and 
inv ersely proportional to tho square of the wave-length , and 
further, that the energy in a whole wave is at every instant 
half kinetic and half potential 
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89 Constancy of the Intensity of Plane Waves 

Plane pi‘ogressive waves such as those tinvelling along a tube 
cannot spread out sideways, but are confined to the cyhndiical 
column of air The amplitude remains constant, and the flow 
of energy is the same through any cioss section of the tube 
The amplitude is always constant when the wave-fronts are 
plane, whether the sound is confined in a tube or not We 
shall see in a later chapter that it is possible by reflection at a 
curved mirror to conveit a diverging beam of sound in the 
open air into a parallel beam with plane wave-fionts, and so 
enable it to travel ovei a long distance without loss of eneigy 
The case is analogous to that of a seaich light, where the 
diveiging rays of light flom an electric arc aie converted into 
a parallel beam by a mnror, for the same leason. 


90 Change of Intensity- of Sphencal Waves. 

When sound waies spread out in eveiy direction from then 
source, it is clear that their intensity must fall off as they 
spread outwards The total amount of energy ci ossmg any 
spherical shell with the source as centre must he the same, 
whilst the area of the shell is pioportional to the squaie of its 
i^ius Hence the quantity of energy passing pei second 
through a square centimetre of the surface of any sliell is 
inversely pioportional to the square of the ladius of tlie shell, 
01 the intensity of sound vanes invei-soly as the square of the 
distance from the source, when the wave-fronts are sphencal 
It IS evident that tlie law still holds, even thougfi the wave- 
fronte aie not complete spheres It holds, foi instance, foi 
sound travelling fiom the apex towards the wide end of a 
hollow cone If the sound travels from the wide to the nan ow 
end of the cone the amplitude of the waves inci-eases, and the 
intensity of the sound increases This is the pnnciple of the 

ear-trumpet used by deaf peisons ^ 

91 Reflection at the closed end of a tube. Let 

us next consider what happens when a pulse of compiession 
^ches the closed right hand end of the tubo of It.. 32 
We have seen that the pulse tiavels along, leavin- the mi 
behind it at its normal pressuie When the pulse leaches the 

fi? fmTm^nt a?hmT I«^rticles is cliecked, and we have 

a moment a thin layei of compiessed tiu at test m contact 
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Asith fclie end, and the re<it of the air in its noimal state This 
18 exactly what we had at the left liand end when the piston 
i\as suddenly pushed in a little and then held at rest Con- 
sequently what was said as to the result of pushing 4n the 
piston applies in this case, and the pulse of compi’ession runs 
back to the left f’Thus we see that a pulse of conipiession is^ 
reflected from a closed end, and returns as a compression/*^ 
Smnlaily a pulse of raicfaction is loflected as a rarefaction, 
and a continuous train of waves ai living at the closed end 
will bo reflected and letuisi as a similar tiain, with no change 
of phase at the end where the lefloction takes place This 
agi cement of phase in the diiect and reflected waves should 
be specially noted, for we shall see presently that if the right 
hand end of the tube is open, there will still be reflection, but 
there will be a change of phase of half a period 

In the case of longitudinal wavas it can be shewn that, if 
the change of pressure is pi oportional to the change of v olumo 
of the air, we can find the actual displacement at any point, 
when both the direct and reflected waves are passing, by 
adding tlie displacements due to the two, taking account of their 
signs as we did with transverse wav es As we hav e already 
mentioned, the change of pressure is not strictly proportional 
to the change of volume foi an, but it is veiy neaily so if the 
displacements are small, as they are for oitlinary sound waves, 
and as a first appioximation we can assume the proportionality 
to hold In a later chaptei we shall discuss some lesults of 
the want of strict propoi bionality The same method can be 
used for compounding two compression curves, or two velocity 
curves, but it must be remembered that we ai e treating hei o 
only of trems of waves trevelJing in tlic same straight line 
eithei in the same or m opposite directions Wo shall 
discuss the case of two tiains of waves crossing each othei at 
any angle in Chapter Vll 

92 Stationary Vibrations in Air It is not 
necessaiy to entei again into a complete desciijition of the 
^ way in which stationary wav es anse from the superposition of 
the direct and reflected trains, as most of what was said in 
Chapter III about the reflection of tiansveree waves applies 
here also Fig 27 will apply to an waves if we regard the 
cuives ns the associated ilisplacement cuives foi the air waves. 
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It IS clear that there cannot be any displacement at the closed 
end of the pipe, and this 'vsriU be secured if the direct and 
reflected trams always give equal and opposite displacements 
at B, so that the resultant displacement at that point is always 
zero 

The curves of ]Pig 27 give this relation between tlie 
displacements due to the two trains at JB, and it follows as in 
Chapter HI that there will be a senes of points half a wa^ e- 
length apart at which the diqflacement is always zeio, one of 
these pomts being at the closed end of the pipe We have as 
before a tram of stationary waves consisting of vibrating 
segments separated from each other by equidistant nodes 


*93. Distinction between Transverse Wave 
curves and the associated curves of laongitudinal 
Waves There is a point of difference between the 
where the curves of Fig 27 are applied to transverse and 
longitudinal waves, which might present a difiBculty to the 
student. 


The curves ha\e not the same meaning in the two cases 
The curve for a string shews the actual shape of the string, 
the direction and length of any ordmate shewing directly the 
direction and amount of displacement of the small section of 
the string, which would be situated at the foot of the ordmate 
If no were passing The meaning of the cmwe is there- 
fore the same for the direct and the reflected wave In the 
of the curie for air waves, the meaning of an ordinate was 
deSned with reference to the direction in which the wave 
tmvels, an upward ordinate denoting a displacement m the 
direction of motion of the wave and vice versa The dmect 
wave IS travelling to the right and the reflected wave to the 
left, ^d therefore if we were to adhere to our convention an 
upward orfmate of the direct wave would mean a displace- 
mmt to the ngbt, an npward or*nato of the SS 
waie would mean a displacement to the left Since the 
Jised to find the resultant displacement by eom- 
these ® components, it would be inconvenient to have 

make the com ention that m each case uj>wl7d 
0 dmates are to represent displacements to the nght, regarfless 
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of the du’ection of motion of the wave Wo saw that when 
the wave is tiwelling to the light, those air particles which 
are moving to the light are situated in a legion of com- 
piession. If the curve of Fig 39 
IS the associated displacement 
curve for such a wave, it will be 
seen that the ends of the ordinates 
near B are moving upwaids, and 
so shew the displacements of 
particles moving to the right. Hence the front face of each 
crest corresponds to a region of compression , and it will be 
seen similaily that the real face A leprcscnts a region of 
rarefaction This relation is true for the diiect wave, but 
not foi the reflected wave, where an upward ordinate repi*e 
sents a displacement contrary to tlie dncction of the wave 
In this case the wave is traielhng to the left, and theiefore 
the compression is situated where the particles are moving to 
the left, that is, where the ends of the oidinates are moving 
downwards Tlius it follows that if the curve of Fig 39 is 
moving to the left, B is still a region of compression and A a 
region of rarefaction, but the rarefaction is now on the front 
face of the crest, and the compression on the rear face. 
Hence we see that in Fig 27 the displacements at B duo to 
the direct and leflected ■waves are equal and opposite, and at 
the moment for which the figure is dia'wn both D and E are 
situated in regions of rarefaction Consequently wo get a 
rarefaction and no displacement at B &8 the result of com- 
pounding the direct and reflected waies at that point 

94 Properties of stationary Longitudinal Vibra- 

^^555 The Associated Ouive for stationary air vibrations is 
dsme cuive, and passes thiough the same senes of changes as 
the curve for stotionaiy transverse ■vibrations 

Fig 40 IS the associated curve foi thieovibiating segments 
sopamted by nodes at A and B 
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The curve is drawn in two extreme positions — those m 
winch the particle midway between the nodes A and S is at 
the e-rfrcme right hand of its swing and the extreme left hand 
reflectively The former is shewn by a full line and the latter 
hy a doited hne. The state of affairs represented by the 
dotted curve is reached half a period after that represented by 
the full curve 


At the momeut shewn by the full curve every particle is 
at the end of its swing, and hence is momentarily at rest. All 
the parfacles between A and Jj, having ordinates above the 
axis, are at the moment displaced towards the nght All 
those between B and G are displaced towards the left. It 
follows that there is a crowding in of the particles towards B 
from both sides, or jB is the centre of a region of condensation 
Similarly there is a drawing away of the particles from A, 
which is consequently at the centre of a region of rai-efaction. 
At the point B, half way between the nodes, the tangent to 
the curve is honzontaL There is consequently a small range 
at thts point where all the particles have the* same displaw- 
ment That is to say, they are the same distance apart as 
when there are no waves, and there is neither condensation 
nor rarefaction ^2) As the full curve moves downwards, 
the tangent at D is always horizontal, and therefore there 
IS never any condensation or rarefaction at points half wav 

the curve takes the form of the straight line EG At thia 

^tion There is nowhere compression or rarefnehnTi but «li 
the parhcles have their maximuij 

Stationary 

fproperties of stationaiy waveTin the chief 

^ following statements 
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(1) There is nevei any displacement at a node 

(2) At any moment the displacement is greater at an"* 
antmode than at any other point 

(3) At any moment the velocity of the air is greater at an 

antinode than at any other point ^ 

(4) As we pass along a senes of vibiating segments, the 

displacement is alternately to the nght and to tlie left m the 
consecutive segments ^ 

(6) At an antmodo the air always has its noimal density 

(6) A node is a centre of maximum compi’ession and ^ 
maximum rarefaction alternately 

(7) As we pass along a series of nodes we find them centres 
of compression and rarefaction alternately 

If the spiral spring described at the beginnmg of this 
chapter has its two ends fixed, it can be made to perform 
stationary vibrations Take the spring m the hands at two 
points each of which is about a quarter of the length of the / 
spring from an end Draw these two points of the spring"^ 
apart by separating the hands a little fai tber from each other, 
and then release the spring It will perform stationary- vibro- - 
tions -with a node at each end and one in the middle, and the * 
statements mode above can be veiified by obsoi\ation of the 
motion 

96 Comparison of Stationary Vibrations and 
Progressive Waves It should be noticed that the rela- 
tions of velocity and condensation to displacement are not the , 
same for stationary vibrations as they are for piogi essiv e waves. 
Figs 41 and 42 shew the associated curves for the two coses 

In Fig 42 the air particles are assumed to be neither at ^ 
the end of the swing nor passing through the equilibrium *. 
position, but m some intermediate position, and moving 
towards their equilibrium position. If they were at the ends 
of their swmgs, they would bo momentarily at rest and tlie - 
velocity curve would be a stiuight hne, whilst the condensation .. 
curve would have its greatest amplitude. If they were 
passing through their equihbnuin positions, the condensation 
curve would be a straight line, and the velocity curve would 
have its maximum amplitude. Tliere is of couree the further 
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diffeience between the two sets of cmves that those in Fig 41 
travel onwards with the iva\<^ whilst thoSe in Fig 42 retain 
the same positions, and merely change in amplitude 



condena 



Fig 4l 

Progressive wave 


Fig 42 

Stationary wave 


The distnbution of energy is not the same in a stationaiw 
wave as in a progressive wave In the case of a series of 
^tionary waves there is no Row of enetgy along the series 
The ratio of the kinetic to the potential energy is the same at 
eveiy pomt at any momentr l>tit the ratio vanes from moment 
to moment 1711611, for instance, the pai tides are at the 
extreme end of a siving— wliidi occurs at the same moment 
eiery whore— the energy is everj'where w holly potential, and 
when the particles are moving through then equihbiium 
positions, the energy is every wheie wholly kinetic 

97. Reflection at the open end of a Tube We 

must next return to the cylinder and piston of Fis 32 and 

OTd IS open P^ace when the right hand 

compression is passing over any layer of 
/vim ® kinetic and potential eneigy It is 

* velocity towards the right It 
transfers the whole of its energy to its right liand nefghbour, 
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and IS itself biougld to icit \Mtli no compression and no 
^cloclby lennnning Tins tmusfcrcncc of energy continues 
unchanged along the tube, so long ns the lesistaiice to com- 
pression of each succeeding livjcr is the same At the open end 
hoMcier the circumstances are different Inside the tulie n 
Inyci acted on by a compressed Inj er behind it can onl} mo\ c 
foi wards whilst the lajer at the open end can also 8pie.id 
sideways Hence a compressed lajci at the u}Hm end meets 
with less resistance to cvpansion than it would meet with 
inside the tube, and in c\patiding to sueh an evtent as will 
reduce its compi-ession to ycro, it does not use up the w hole of 
its energy, but has still some kinetic uicrgj left Consequent!} 
the air, instead of coming to rest when it reaches its normal 
density, oierahoots the end, and comes to rest only when a 
larefaction has been produced This rarefaction will cause a 
( pulse of rarefaction to run dow n the tube, w hence w c see that 
I when a pulse of compression is reflected from an open end, it 
changes its sign and leturns as a rarefaction 

There is aiiothei difference between the reflections at a 
closed and open end which should lie inentioncd here, though 
it has no eifect on the object we have in view at present. 
When the reflection is from an ojam end it is only partial, as 
part of the enoig} of the direct wave travels out into the open 
an 


98 Effect of a change in the bore of a tube 
It is clear fiom the explanation we have given of the icflcction 
at an open end, that tliei-e would be some I'cHection if a jmlse 
tiavellcd along a tulio which had a sudden change of diamelei 
at some point 

If a compression starts fioin A (Pig 13) and ti-nvds to the 
right, it meets wnth lessened resist- 
ance on 1 caching /f, oven mis itself, 
and part of its energy is reflected ^ g 

back to A in a rarefaction If the 

compression starts from C and 1__ 

tinvels towards the Icft^ it meets r,g 

a grcator resistance on reaching 

and part of its cneigy is reflected back to (7 in a compression 
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In each case part o£ the energy goes on and part is reflected, 
and the amount reflected depends on the relative cross sections 
of the tv^o parts of the tube If there is little change of 
section there is little reflection. 


99. Effect of a change in the density of the 
medium. We should also have some reflection at the surface 
separatmg the two gases, if part of the tube were filled ivith 
one gas and part with another Suppose for instance that the 
tube IS held vertically and the lower half is filled with carbon 
dioxide and the upper lialf with air A pulse of compression 
travelling down the tube will be partially reflected as a 
compression at the dividing surface, for, though the elastic 
resistance of the carbon dioxide is not much different fiotn 
that of air, its ineitia is about half as great again, and 
consequently the pulse mtU meet with greater resistance, when 
it reaches the suiface of separation H the pulse travels 
upwards through the carbon dioxide, there wtU be partial 
reflection again, but with change of sign 


100 Stationary Vibrations in a pipe with an 
open end As a compression is reflected as a raiefaction and 
a rarefaction as a compression at the open end of a pipe, it 
follows that a train of waies of alternate compiessions and 
rarefactions will be reflected as a similar tram , but, as corn- 
par^ with a closed pipe, the reflected tram will be slutted 
b^kwards thiough half a wave-length in consequence of the 
change of phase at the moment of reflection The result of 
compounding the direct and reflected trams will as befoie be 
a senes of stationary waves If Tig 27 be redrawn with the 
reflated tmn moved backwards oi forivards half a wavo- 
length--it does not matter which— it will be found that the 
open end is not now a node but an antmode, and the first 
node IS a quarter wave-length from the end * 


This statement is not strictly accurate. It is an appioxi- 

mahon which is farther from the truth the greatei the dmmetei 

of the ?pflp f findmgthe tact cucumstanc^s 

not vtt bpp?ft n ^ pipe is difhcult, and has 

L f 1 IS «»e same 

as if the reflection took place a little distance beyond the end, 
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or as if tilt/ rollct/tion took place at the end, but the pipe iit lo 
longer by an amount called the correchan Jo) the open end 
Expciiments ha\c shciin that for a ciicular jape Mitli thin 
alls the conuction is about th^ fifths of the nidius of the 
pipa Wt, shall return to this'iubjcct iihon iic discuss the 
pioperties of organ pipes 
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VELOCITY OF LONGITUDINAL WAVES 

101 Velocity of Waves m Air. If we assume that 
longitudinal Avaves can be propagated unchanged in air, we 

can shew that the velocity of the waves must be — In 

this expiession E is the coefficient of volume elasticity, oi the 
ratio of a small increase of pressuie to the small dimmution of 
volume per unit volume that results from that increase of 
pressure, and p as the density of the gas, or the mass of unit 
volume when the gas is in its noimal state 

Suppose sound is travellmg against a ivind which blows 
Avith the same velocity as that with which sound travels in 
air, then, though the waves are motung relatively to the air, 
they aie at rest relatively to the ground Sence the velocity, 
pressure and density of the an at any point fixed relatively 
to the ground remain constant Imagine two unit areas 
A and 5 fixed lelatively to the ground, and so situated that 
the line joimng their centies is in the direction in which 
the Avind blows, their planes bemg perpendicular to this 
Ime Suppose A is at a part of a particular wave where 
the air has its normal density, and B is at some othei part 
of the wave, and suppose the 'wind blows from A to ^ 
Let us suppose for the sake of defimteness that B is situated 
in a region of rarefaction, where the pressure is less than at A 
It 18 clear that the same mass of air must pass per second 
rough A and B, as the state of the an as regards density 
and velocity remains constant at any point fixed relatively to 
e ground and there cannot be any change m the mass of air 
between the two areas Further, smce the volume of a given 
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mass of air depends on its pressure, a greater \olume of air 
must flow tlirough B than through A, or the lelocity of tho 
air IS greater at B than at A 

Let r, p, p be the velocity, pressure and density i cspcotii ely 
at A, and F', p', p' bo tho saino quantities at B 

We liaio then the two following conditions 

(a) Tho mass of an betu cen tho planes is invanable, and 
thcieforo the mass of air crossing the plane A per second is 
equal to the mass crossing B per second This gives the 
equation 

Fp=rv (1) 

{b) Tlie velocity nt B being grcatci than that at A the 
air must have gamed momentum between A and B, and by tho 
Second Law of Motion the external force on the layer of air 
v\ Inch IS lictw eon A and B at any instant is equal to tho rate 
of change of momentum of this same mass of air at tho same 
instant, whence » 

FVxF'-FpxF (3) 

Substituting in (2) tho value of V given by (1) we have 

t Tr*» P “* P 

p-p = F-p'— jL 
P 


or 


y3_P V~P 

p p-p' 


From the deflnition of the coefficient of volume elasticity 
we may write 

{v'-v)lv’ 

where v is tho volume of unit mass, or tho rccipiocal of p 
Substituting - for v we have 

p .V-V’ . 

p-p 

F®=— 

P 


and therefore 
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Noiiv V is the velocity at A, wliere the air has its normal 
density, and is therefore the general velocity of the wind, 
which was chosen so as to he equal and opposite to the velocity 
Avith which the wave would ti*a\el in still air Consequently 

the velocity of sound waves through the air is 



102 Velocity of Elastic Waves of any type 

It will he seen that this method is analogous to that given in 
Chapter H for finding the velocity of a tiansverse wave along 
a strmg, and the resulting expression is similar When a 
wave of any kind is propagated by the action of elastic forces, 
the velocity of the wave is proportional to the square root of 
the appropriate coefiicient of elasticity, and inveisely propor- 
tional to the squaie root of the appropriate eicpression for the 
inertia of the system* 

If, for instance, one end of a long cylindrical rod be rapidly 
twisted a little, first to the right and then to the left, a 
torsional wave will run along the lod, each section of the 
lod m turn twisting fiist to the nght and then to the left 
The velocity of such a wave is propoitional to the squaie root 
of the modulus of torsion of the rod, and inversely proportional 
to the moment of inertia of unit length of the rod about its 
axis of figure 


103 Newton’s Calculation of the Velocity of 

Sound The expression for the velocity of sound in a 

gas was first obtained by Ne^vton, who used it to calculate the 
velocity m air horn the measured values of the coefficient of 
elMticity and the density He assumed that Boyle’s Law 
holds for the compiessions and raiefactions in p, sound wave 
namely that is constant We can shew that ^ = « if Boyle’s 
wL the pressure is increased ft cm fto 

then ^ ’ and « IS m consequence changed to 

pv = {p+8p){v~&o) 


0 s 


-pv+v^-p8v-SpSv 


6 
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The lost term being the pioduct of two small quantities 
may be neglectetl, and wo ha>e therefore v8p or 


2 > 



winch 18 by our definition the \alno of 12 This is called the 
Isothermal Coefficient of Elasticity of a gas, foi Boyle’s Law' 
assumes that the temperature is constant. 

Thus the velocit}' of sound is - if Boyle’s Law holds for 

the compressions and larcfactions If v be the lolumo of unit 
mass, we ha\e v=^\jp and therefore the exjuession foi the 
A elocity can be w ritton Jpv 

■Newton, using the values accepted at that time foi p and 
p, found 979 feet per second for the velocity of sound in an, 
where IS the real velocity was known to him to bo about 1100 
feet per second, and the discrepancy would have been still 
gi eater if he bad used inoi'o accumte values for p and p He 
accounted foi the discrepancy of 1 pait m 8 by assuming 
that one eighth of the space travelled over by the sound v\ns 
occupied by the particles of air, and that the formula applied 
only to the remaining seven-eighths, the sound passing in- 
stantaneously thiough the actual pai tides Ho also assumed 
that any water vapour that might bo present had no shai-c in 
conducting the sound These w ere unw arranted assumptions 
with no expemnental justification, and it was a century befoi'e 
the true explanation of the discrepancy' was found by Laplace 


104; Laplace’s correction of Newton’s calcu- 
lation When a gas is compressed it is heated, as is shown, 
for instance, by the considerable rise of temperatuio of a 
bicycle pump aftei it has been used for inflating a tyro 
Similaily, when a gas is lurefied it is cooled 

Now Boyle’s law is true only when the tcmpcratuic of the 
gas 13 kept constant, and thoiefore, if it is to bo applicable to 
sound wav'es, we must suppose that the heat ptoduced in the 
regions of compression is tiansfoired so rapidly by radiation 
and conduction to the regions of laiefactiou, that the gas is 
maintained constantly at the same temperature everywhere 
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In view o£ the rapid changes of pressure in an when sound 
waves are passing, and the pool radiating and conducting 
powers of gases, this equalization of tempeiatuie seems 
improbable, and Laplace pointed out that we should use not 
the Isothermal but the Adiabatic Coefficient, which is the 

value of 1; when no heat is allowed to enter or leave the aii 
bv 

It IS evidently greatei than the Isothermal Coefficient, foi 
the piessuie of a gas can be raised either by heating the gas 
without change of volume, 01 by compiessing it without 
change of temperatuie In the case of an adiabatic compres- 
sion the volume is 1 educed, and also the tempeiatuie is laised, 
smce the heat pioduced by the compression is not allowed to 
escape Hence the rise of pressuie is gi eater than it is when 
the same compression is made isotheimally, foi in this latter 
case the heat produced is 1 emoved, and plays no part in laising 
the pressuie 

105. Adiabatic Coefficient of Elasticity of a 

gas It can be shewn by thermodynamical methods that 
Mhen the changes of pressuie are adiabatic pv^ is constant, 
where y is constant for any one gas, but not the same foi all 
gases. 

If we give the same meanings to the lettem as we did when 
finding the isothermal coefficient of elasticity, we have, when 
the compressions are adiabatic, 

pv* = {p+ 5 p)(v— Sv)y 

The last factor on the right can be written 7?^ 

Expanding this by the Binommal Theoiem and neglecting all 
terms containing liighei powei-s of 8 v than the fust we have 

X=(P-1-8;i) 7;T’^1 _y^^ 

Multiply out, neglecting the product of the small quantities 
Sp and 8 v, and we find 4 ““'uwi'ies 

vSp 
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Thus we see that the ndnhatic coefficient of elasticity is 
y times the isothermal coefficient 

It can be shewn that the specific heat of a gas when the 
pressui'e is kept constant is y tunes the specific heat when the 
lolume IS kept constant It is from this relation that y is 
usually called the Jialio of the Specific Heats 

The constant y is of importance in the theory of gases, 
and many e'^penments have been made to find its value. It 
has been found to have the value 1 66 for monatomic gases 
such as argon and mercuiy vapour, 1 41 for most diatomic gases, 
including air, ovygen, nitrogen and hydrogen, and loner 
values for gases of greater atomicity Most of the determina- 
tions hav e been made by measuring the v elocity of sound in a 
gas, and thence calculating y It would not, of course, be 
legitimate to use a value of y so detei mined foi testing the 

correctness of the foimula F=. /^, but there are other 

V p 

methods such as that of Clement and Desormes, nhich are 
independent of the velocity of sound, and it is found from these 
that y has the value 1 41 for air 

W hen Newton’s formula is corrected by replacmg p by 
yp, it giv’es a value for the velocity of sound which is in 
agreement with the results of exjienment 

It might be thought that though there may not be enough 
transference of heat from the hot to the cold places to keep the 
temperature constant, there might be some transference, and 
that we ought therefore to use a value for the coefficient of 
elasticity intermediate between p and yp It has been shewn 
however by Stokes that, if theie were any appreciable trons- 
ference of heat short of vi hat is required to make the changes 
isothermal, the sound would be rapidly stified. Sound could 
not travel such distances as are actually observed, unless 
the compressions aie either isothermal or adiabatn^ and 
Laplace’s calculation enables us to say that they must be 
adiabatic 

We shall now use the formula V = to find how the 

velocity of sound in a gas depends on the nature of the sound 
wav es, and on the prcssui e, density and temperature of the gas 
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106 Velocily almost independent of Amplitude 

We see m the hrst place that neither the waveJeggfch nor the 
amplitu de of the waves appears in the expression, and theiefoi'e 
to a first approximation waves of all lengths and amplitudes 
travel with the same velocity This is true only when the 
amplitude is small, as is generally the casa It will be 
remembered that in proving the coefiicient of elasticity to bo 
yp we neglected certain small terms If these terms ivere 
retained the coefficient would be a little gi eater We have 
assumed for gases a law similar to Hooke’s Law foi solids, and 
it IS not stnctly correct to make this assumption except when 
the amplitude is infinitely small Foi all ordinary sounds it 
IS sufficiently accurate to take the velocity as independent of 
the amplitude, but very loud sounds, such as the sound of a 
cannon, do in fact ti*avel appreciably fastei than ordinary 
sounds 


107 Velocity mdependent of Pitch Since the 
velocity of sound is the same foi all wave-lengths and ampli- 
tudes piovided the amplitude is not very great, wo see from the 
equation ® s=«\ that the wa\ e-length is inversely pioportional 
to the frequency , that is to say, the higher the pitch of a 
n^ the less is its wave-length The lowest audible note has 
a frequency 30 If we assume the velocity of sound is 1090 ft 
per sec we find from the equation above that the wave lenuth 
of the note is 36 3 ft. The highest audible note has a 
fiequeney about 20,000, whence its wave-length is * inch 
A mans oi^inary speaking voice has a wave-length of about 
iO leet, and a woman s about 4 feet 

/ Velocity mdependent of Pressure It is 

clear that a change in the pressure of the air has no effect on 
the velocity of sound, for the density changes in the same 
piopoi tion as the piessuro and is unchanged Hence a nse 
or fan ^ the barometer makes no change in the velocity and 

thrstat^e?^ altitudes^L at 


thclSn’ . ^ different gases If we comjiaie 

the velocity m any one gas with that in another of diffelent 
density, we see that the velocities are inversely p^oiSonal 
to the square roots of the densities, provided y hi ?he samI 
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value for the two gases Oxygen and hydrogen, for instance, 
have the same y, but oxygen is 16 tunes as dense as hydiogen, 
and therefore the velocity of sound in hydrogen is 4 times as 
'gvmt as in oxygen "We shall see later, when we treat of 
organ pipes, that a whistle blown with hydrogen would give 
a note two octaves higher than the same histle blown with 
oxygen at the same temperature, foi the pitch of the v histle 
depends on the number of times the sound can travel the length 
of the pipe in a second The change of pitch due to change of 
density is easily shew n by blowing a whistle first with air and 
then with coal gas 

Blaikley has pomted out {Cantor Lecture, 1904) that, if 
the eartti's atmosphere had consisted of hydrogen instead of 
air, a Piccolo would have needed to be a yai5 long, and a 
contra-bass Saxhorn as long as a cricket pitch, to give notes of 
the same pitch as at present 

110. Bfifect of Temperature on Velocity In 

order to find the efiect of temperature we may vmte the 
expression for tlie velocity in the form Jypv We know 
from Charles’ Law that pv = kt, where A. is a constant for nny 
one gas, a nd t is the absolute temperature and therefore we 
have F = ^/ykt oi the velocity of sound in a gas is proportional 
to the square root of the absolute temperatuie of the gas If 
G IS the temperature on the Centigrade scale 

V=^yk (0 + 273) 

and if F is the temperature on the Fahrenheit scale 
F= 'Jyk{F+m) 

In order to get a numerical estimate of the efiect of 
tempemture let us suppose the temperature uses fiom 60” F 
to 61” F , then we have 

Yelocity at 60” _ 1039 

Velocity at 61” ~ ^/520 ~ 1040 ^ 

As the velocity of sound at 60” is not far from 1039 feet 
per second, it follows that the velocity of sound in air increases 
by about one foot per second for each Fahrenheit degree nse 
of temperature 
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111. Velocity in Mixtures of GS-ases. • If we have a 
mixture of two oi more gases, we must use the actual density 
of^the mixture in calculating the velocity of sound If the 
•y of the constituents is not the same, the appioprmte value to 
he used must he calculated from the values for the separate 
constituents* 

The mixture with which we arc most usually conccincd 
IS moist air, which is merely a mixture of water vapour and 
air Water vapour is lighter than air in the ratio of 9 to 14 4 > 
hence the more moisture there is in the air the grcatoi is the 
vdocily of sound 

As an illustration of the use of the formula let us find the 
velocity of sound m dry an at 20“ 0 , assuming the velocity in - 
dry air at 0“ C to ho 332 meties per sec We ha^e 

velocity at 20“ _ */293 
velocity at 0“ ~ 


velocity at 20' 




293 

273 


333 = 344 . 


Next suppose the air is saturated with moistino at 20“ 
and that the height of tho barometer js 760 mm TJie 
maximum vapour pressure of wmter vapour at 20' 0 is 1 7 4 mm 
hence thepa^al pressure of the watei vapour is 17 4 and that 
of the mr 742 6 mm If fcho density of hydrogen be Xn 
as , tliat of air is 14 4, and that of watei vapoui 9 under tlm 
^me conditions of temperatuie and ptessuie The density of 
the moist air will then be in the same nnits ^ ^ 


^7 4x9 + 742 G X 14 4 
760 


or 14 28 


mixture It wn^bo^sLevm^thaf ^ of th< 
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The ^alue of y for -water \apour is about 1 3, 1 

foi air IS 1 41, but as the amount of water vapour in the 
so small, the effect of this diffoience is inappreciable, ” 
may assume that y for the wet nir is the same as for 
We may therefoie wnte 

^ elocity of sound in w et air at 20° ^^14 4 ^ 

velocity of sound in dry air at 20" ~ /s/l428 

Oi the velocity in wet an at 20" 

344 = 346 3 metres per sec 

Thus the effect of saturating the air with moisture at 20° 
to make sound travel faster by 1 3 metres per sec 

112 Velocity of Sound in Liquids Longitu> 
waves can travel through liquids in the same way as 
travel through air, and the expression foi their velocity is 
same as that foi au 

Liquids require very great foices to compress them, < 
othei words their coefiicient of volume elasticity is very gr 
This large coefficient of elasticity is more than enough 
compensate their greater density, and it is found that 

V elocity of sound in bquids is in general greater than in 
The velocity of sound in water, for instance, is about”"! 
metres pei sec , which is nearly 6 times as great as the v elc 
in air 

113 Velocity of Sound in Solids We can 
longitudinal wnv'es in solids, but the e'<ipression for 

V elocity IS not so simple as in the case of gases and liqu 
A solid has two fundamental coefficients of elasticity, a v oli 
coefficient and a ngidity coefficient, and both are inv olv et 
the expression for the velocity 

When a longitudinal wav'e travels along a thin rod 
metal, them is lateral expansion of the rod at regions 
compression, and shnnkage nt regions of ramfaction In 1 
case the coefficient of elasticity concerned is Young’s Mod 
the ratio of the foice used to stretch a rod of unit sectioi 




89 


111-114] VELOCITY OF LONGITUDINAL WAVES 


the resulting Cktension of unit length of tbo lod If longi- 
tudinal waves tra\el tbiough a mass of the same metal the 
lateral expansion and bluinkage cannot take place, and the 
coefficient of elasticity is greater than in the case of a rod It 
follows that the waves travel more slowly through a rod than 
through an extended mass of the same material 

The methods used for measuring the velocity of sound 
experimentally ivill be given in Chaptei XIT 


114 Velocity of Sound m Various Media The 

annexed table gives the velocity of sound in several media 
Tlie last five must not be taken as more than rough approxi- 
mationa Different samples of the materials x^ary greatly in 
their propeities, and different observers have found very 
diffiieut values for the velocity of sound 


Air at 0° C 

Hydrogen 

Carbon Dioxide 

Water 

Iron 

Oak 

Pine 

Glass 

Vulcanized indiai ubber 


332 metres per second 
1270 „ „ 

1450 „ „ 

3400 „ „ , 

5200 „ „ „ 

5500 „ „ „ 

43 „ 
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REFLECTION AND REFRACTION DOPPLER’S 
PRINCIPLE 

115 Reflection of Spherical Waves We have 
already dealt m Chapter IV with the reflection o£ sound at 
the closed or open end of a pipe We must turn now to the 
more geneml case of reflection of waves m the open air 

Let A (Fig 44) he a source of sound from which spherical 
wai es spread out in every direction, and let the circles dmwn 
ivith A os centre be the sections of those spherical wave fronts 
which shew the positions of the surfaces of maximum com- 
piession at the moment for which the figure is drawn The 
, radius of each of these circles increases by about 1100 feet per 
' second, if the air has its ordinary temperature^ and the 
distance between any two consecutive circles measured along 
a radius is the wave-length of the sound 

Let MIf be a rigid wall and 0 the point where the 
perpendicular from A meets the wall At the moment for 
nhich the figure is dravn the wave-front 6 touches the wall 
at 0 A little later the part of the wave-front that is nob 
hindered by the wall wUl ha\e come into the position 7, hut 
the part between C and D will have been reflected towards the 
left The part near 0 reached the wall first and was reflected 
first, the parts farther from 0 were reflected a little lator, 
whilst the parts at C and D ha% e just come into a position to 
be reflected Consequently the wave-front between G and D 
will have taken some such shape as the curve CBD , that is to 
say, the wave-front which had the form of the sphere 606' has 
now been bulged inwards between C and B, and the bulge 
IS travelhng towards the left As the ongmal wave-front 
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continues to spread outwards from A the bulge will get deeper 
and wider, and will occupy the successive positions shewn in 
the figure 


It can be shewn that the bulges are spheres spreading 
outwards from £ as centre, where i? is as far behind the wall 
as ^ IS in front of it, and their velocity is the same as that of 
the original wave-fronts. 
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116 Sound Images These spljcros form the reflected 
wave-fronts, and v\e see (hcroforc that tlm sound after 
reflection appears to radiate from the point JJ Using the 
analogy of light we may saj that Ji is tlic sound image of *1 
TJie construction for finding li is the same ns would bo 
employ etl if it weie required to find the inutgo of A, if A were 
a source of light, and iViV wcio a mirror 

In Optics it IS often more convenient to solve probh ins b> 
making use of niys instead of 
wave-fronts, and we niaj use the 
same method here Wo should 
then look on A as sending out 
inys of sound in every direction , 
any ray such as dC being roflcctotl 
b^ the wall in such a diicction 
that the incident and reflcctcHl 
rays make the same angle with 
the normal to the wall 

If AC and CF make the same 
angle w ith the normal the triangle 
con formed bj continuing FC 
backwards until it meets -iO produced is equal m all respects 
to tlio tn ingle ACO, and therefore Oil is equal to ^lO Tlit 
same applies to every riy from A that stakes the wall, and 
consequent!} all the ra}s will after reflection appear to have 
come from JI, if our assumption that tlio incident and reflected 
rays make the s.ime angle w ith the normal is correct Wo 
<jh»y return to this point present!} 

117 Bchoes Wc have now the explanation of the 
simplest kind of echo Suppose .i person situated at A 
(Fig 45) makes a sharp sound, such as that pi-oduced b\ 
clapping the hands, or finng a gun, and tlicrc is a listenc’i 
at F The sound i caches /’b} two paths, one of which is the 
direct line AF, and the other is the bioken line ACF Those 
paths aro of diflerent lengths and therefore two sounds will 
reach F, the first by the path AF, and the second by the path 
ACF The interval of time between them will bo the time 
sound takes to trivel the difference between the lengths of 
the two paths Suppose for instance that AF is half a mile 
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and AG + GF is a mile and a half The second sound has to 
travel a mile faithei than the fust, and so will reach F nearly 
5 seconds later 

It IS possible to makea lougli determination of the velocity 
of sound by making use of an echo Stand about 100 yaids 
fiom a high wall or the side of a house and clap the hands 
An echo will be heard, and if by some means the interval 
between the clap and the arrival of the echo is measured, we 
shall know the time taken by the sound to travel to the wall 
and back along a line peipendioulai to the wall The velocity 
could not be measured very accumtely in this way, as in the 
case given the interval between the clap and the arrival of the 
echo would be only a little over half a second, which is too 
short to measure without special appliances Moreover, in 
the open an most of the sound spreads out sideways and is 
lost, so that the echo is faint unless the sound is loud The 
experiment can be earned out more easily in a tunnel with a 
closed end or in a cloister Stand near one end of the 
cloister and clap the hands at regular intervals, tuning the 
intervals to one second by means of a watch, oi a metronome 
which ticks seconds. Now move slowly away fiom the wall, 
and presently an echo will be heard following each of the 
claps Gontmue to move from the wall until the echoes, fall 
exactly halfway between the claps, which can be judged mth 
considerable accuracy by the ear, and measure the distance 
from the wall when this happens It is clear that the sound 
now takes half a second to travel to the wall and back, and if, 
for instance, the distance of the obseivei from the wall is 
found to be 275 ft , the velocity of sound is 1100 ft per 
second 

118 . Reflection of Sound by Spherical Mirrors 

We have assumed that sound is reflect^ according to the 
same laws as hold foi light, namely — 

(1) The incident ray, the leflected ray, and the normal 
to the reflecting surface aie m the same plane 

(2) The incident ray and the reflected ray make equal 
angles with the noimal 

It 18 shewn in books on Optics that, if these laws are true, 
a beam of parallel rays falling normally on a spherical mirror 



94 


REFLECrriON 


[CH VI 


^vlll come together at the principal focus of the minor after 
reflection , the pnncipal focus being the centre of a radius of 
the mirroi dia^Ti in tlie direction in ■which the incident beam 
travels Conversely, if a source of light is placed at the 
pnncipal focus, the rays diveiging from it so as to stnke the 
mirror will bo reflected as a parallel beam 

A similar result is obtained expenmentally when a souice 
of sound 18 used instead of a source of light, and the expenment 
may be 'taken ns a veiification of the two laws stated above 



Fig 4C 

Place two laige sphencal mirrors facing each other, and 
20 to 30 feet apart At the focus of one of the mirrors place 
a watch that ticks faiily loudly The sound waves which 
stnke the mirror A will be reflected in a parallel beam, and 
will theiefore travel without loss of intensity to the muror B, 
where they will be reflected again and conveige to the focus 
Theie will consequently be a concentration of the sound at the 
focus of the second minor, and the ticking of the watch will 
be heaid clearly if a small funnel connected \\'ith a rubber 
tube leading to the ear be placed at the focus, but will be 
inaudible if the funnel is moved a little distance aw ay The 
mouth of the funnel must be pointed towards the mirroi B, for 
the sound is heard by means of rays that ha\e been leflected 
fiom the two mirror^ and not by means of rays that come 
directly from the watch to the funnel These latter rays ai-o 
divergent, and are too weak to affect the ear 

The experiment can be shewn m a striking manner to 
a number of persons at once by using a sensitive flame instead 
of a funnel and tube. To make a sensitive flame draw out a 
piece of glass tubing to a fine point, and connect it to a gas bag 
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of coal gas light the gas issmng from the marrow tube, and 
gradually increase the weights on the gas hag until the flame 
is on the pomt of roanng The flame ■mU now be steady and 
a foot or more in height according to the size of the jet, hut 
if any sound of high pitch is made in its neighbourhood, it 
will become much shorter and will roar Ihe rattle of a 
bunch of keys or a hiss will make it drop at once, and if one 
talks in its presence, it wdl drop whenever the letter S is 
pionounced If such a sensitive flame is placed with the 
point of the glass tube at the focus of the mirror J3, the 
flame will dance in time with the ticks of the watch, but the 
dancing Anil cease if the jet is moved a httle to one side, for 
it IS only at the focus that the sound is strong enough to 
affect the flame 

119 Concentration of Sound by^the Walls of 
a Room. One occasionally meets with an instance of this 
concentration of sound by curved surfaces in a large room If 
the opposite ends of the room are curved, a person speaking at 
the focus of one end is heard distmctly by a person standing 
at the focus of the other end As the curved wall is generally 
part of a cylinder and not part of a sphere, the focus is not 
a point but is spread out into a line. The concentration of 
the sound is therefore not so great as it is when the reflecting 
surfaces are spherical 

It 18 not essential that the source of sound should be at the 
principal focus of the first mirror It must be on or near the 
common axis of the two mirrors, but there aviII be a con- 
centration of the sound at some pomt, wherever the souice is 
situated along the axis This follows from the analogy of the 
correspondmg optical phenomenon. 

It is not even necessary that there should be two mirrors 
A light placed anj-where on or near the axis of a spherical mu i oi 
and farther from the mirror than the principal focus, will have 
a real image somewheie, the light and its image being situated 
at a pair of conjugate foci , and the same is true of sound 
There are stones of churches where one can hear at certain 
points what is said m distant confessional boxes If the 
stones are true, it is probable that the sound of the voices is 
coUected by some curved surface and concentrated at a 
distant point 
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' 120 Whiepering Galleries Tlle^^ell-kno^vn■WhlBpel- 

mg Gallery o£ St Paul’s owes its peculiai acoustical properties 
to the reflection of sound by the u alls The gallery is in the 
form of a cucle running round the base of the inside of the 


dome 


c 



If a person at any point A puts his head close to the wall 
and whispers, the whisper can be beard at any part of the gallery, 
if the listenei also places his head near the wall This is not 
a case of the concentration of the sound at a focus, for the 
whisper can be heard almost equally well at any part of the 
gallery, and the listener can easily convince himself that the 
sound cieeps round the dome in a thin sheet close to the wall 

If the dome were not present, the sound from A would 
spread out equally in all directions, and would fall off in 
intensity im eraely as the square of the distance from A The 
effect of the dome however is to prevent much of the 
spreading 

A ray AJi^ for instance, which starts in a direction that 
does not make a large angle with the tangent to the wall near ^ 
A, will take the path ABCD, etc., and so leinain near the wall, 
and many other rays follow simdar piths, so that the sound 
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remains strong enough to be audible at any point of the 
circumference 

121. Musical Elclio firoxn a Kow of Palings. If 
a sharp sound is made near the end of a row of palings, the 
echo sometimes takes the form of a musical nota Each of the 
palings reflects the sound in turn, and the further they are 
from the listener, the longer the sound takes to return, so that 
the result is that we have a senes of echoes following each 
other in rapid succession, and if the palings are sufficiently 
close together, the echoes will blend into a musical note 

/ 122 Bzperixnental demonstration of Stationary 
Vibrations in Air, We saw in Chapter IT that, when a 
tram of waves is reflected from a solid obstacle, the direct and 
reflected trams combine to gii e a senes of stationary vibrations 
with nodes half a wave-length apart, the reflectmg surface 
being at a node This phenomenon can be conveniently 
mvestigated expenmentally with the aid of a sensitive flame 

A note of high pitch is needed for the expenment, for 
the flame is not affected by notes of medium or low pitch 
A whistle that giies a note suitable for the purpose can be 
made m the following wa} Take a brass tube six mches 
long and an inch in diameter, and close one end -with a very 
thm plate pierced with a hole m m diameter Take a 
second tube eight to ten mches long, and of such a diameter 
that it slides tightly over the shoiter tube, and hx at its 
centre a thm plate also pierced with a hole m in 
diameter Shde the wider tube over the closed end of the 
narrower tube, until the two pierced plates are half an inch 
or less from each other, and connect the open end of the 
narrower tube with a gas bag full of air The whistle wiU be 
found to give a high note m hich has a powerful effect on the^ 
sensitive flame The pressure on the gas bags supplying the^ 
whistle and flame should he regulated so as to give the best 
effect, and should he kept constant as the pitch of the note 
depends on the pressure 

Place the whistle with its mouth several feet from a 
v^ical board, and bring tbe sensitive flame between the 
whistle and tlie board. As the flame is moved along the 
normal from the whistle to the board, there will be found a 
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senes of equidistant points at which it is unclistuihed These 
points are the nodes of the stationarj waies, and the distance 
between any two consecutne nodes is half a wai e-length 
The experiment gnes ns the means of finding the pitch of the 
whistle, for we know the \ elocity of sound, and can hnd the 
wave-length bj doubling the distance between two consecutne 
nodes, and so we can calculate the frequencj ii from the 
equation v = n\. 



Fig 48 


The wave-fronts here are spheres with the mouth of the 
whistle as centre, and therefore the circumstances are not the 
same as in the case where stationary w a\ es are formed in a 
tube as explained in Chapter lY Since the flame is moi ed 
along that radius of the spheres which is normal to the board, 
the tangents to the wave-fronts at points on the path of the 
flame are all parallel to the hoard The only rays w ith which 
we are concerned he lery close to the normal, the oblique rays 
being reflected away from the flame, and we may therefore 
regard the wa\ e-fronts as being small parallel planes The 
nodes will not all he equally well marked, for the sound falls 
off in intensity as it gets farther from the whistle The 
farther a node is from the board, the greater will he the 
difference between the mtensities of the direct and the reflected 
waves, and the less well marked wnll he the node Measure- 
ments should therefore be made as close to the board as 
possible If accurate measurements are desired some means 
must be adopted for preventing the i-eflection of waves from 
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the table on which the apparatus stands, for these wavM alter 
the positions of the nodes A. sheet of cotton wool or felt will 
destroy the greater part of the reflection 

123. RefSractlon of Sound. We have a further 
analogy with light in the refraction of sound '-When plane 
sound-waves cross the boundary separating two media in 
which their velocity is different they are deflected, their; 
direction of propagation making a smaller angle with the 
normal to the separating surface in the medium in which they 
have the smaller velocity 

The reason for the refraction need not be given heie as it 
is the same as for bght, and can he found in any treatise on 
optics The laws of the refraction of sound too are the same 
as for light The incident ray, the normal to the refracting 
surface, and the refi acted ray are in the same plane, and the 
sine of the angle between the incident ray and the noimal 
bears a constant ratio to the sine of the angle between the 
lefracted ray and the normal, this ratio being equal to the 
ratio of the velocities of sound in the two media 

124. Total Internal Reflection of Sound The 

case of Total Internal Beflection has an inteiesting application 
in acoustics 

Let AB be the surface 
separating two media of which 
the lower is that in which the 
sound tiavels move slowly, and 
let CO be a ray of sound incident 
at 0 By the second Law of 
Befraction we have 

sm COE _ n, 
sin J)(JF ~ Vi ’ 

where Vi and Wa the velocities 
of sound in the two media If 
CO just grazes the surface, 

COE= 90“ and sm 00^=5 1, whence sm DOF— Wo/vj Now the 
path of any ray, whether of light or sound, is reversible, and 
therefore if X>0 is the incident ray, the refracted ray will 
graze the surface on emergence into the upper medium If 

7—2 
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the incident ray makes any greater angle than FOD vnth the 
normal it cannot emei^e at all into the upper medium, for if 
it did emerge it would violate the second law It is then 
totally reflected at the separatmg surface, and remains in the 
lower medium The critical angle beyond which total reflec 
tion takes place is the angle which has a sine equal to 
Let us suppose the lower medium is air and the upper is 
pme wood The velocities of sound in the two media are ^2 
and 62^„ metres per second respectively Consequently the 
sme of the critical angle is and the angle is about 3^ 
Thus we see that unless the sound strikes the surface very 
nearly normally none of it will get into the wood, and 
conversely, if a source of sound is inside a moss of wood, 
the rays which emerge into the air will nowhere make an 
angle of more than 3^“ with the normal at the point where 
they emerge 

We see too why sound loses so little in intensity when it 
travels along a pipe, for it cannot get out unless it strikes the 
walls nearly normally 

125 Efifect of Wind on Sound It is well known 
that sounds travelhng with the ivind are heard better than 
those travelhng against it l^is is due to a phenomenon 
analogous to refraction 

Let us suppose that both sound and wmd are travelling 
from left to right, and A (Fig 50) 
represents a wave-front at any 
moment The wind travels more 
slowlynearthegroundthanhighei 
up, aud the upper part of the 
wave-front is helped forward 
more than the lower part Con- 
sequently, as the wave front 
moves on, it will tilt forward into 
the positions B, G, D, etc Now 
the sound always travels m a 
direction at right angles to the wave-front, and therefore any 
ray drawn at right angles to all the wave fronts takes a path 
which curves downwards towards the ground like the curved 
hne in Fig 50 
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A person when speaking sends out lays of sound in every 
diiection If the air is still the rays are straight, and so 



most of them go above the hstenei and are lost If however 
the wind blows from the speaker to the listener, the rays that 
travel with the wind curve downwards and many that would 
otherwise be lost are able to reach the listener The effect is 
specially marked when there are obstacles betw een the speaker 
and the listener, for the curvature of the rays enables the 
sound to use over the obstacle and come down on the other 
side 



When the sound travels against the wind the effect is 
reversed The upper part of a wave-fiont is retarded more 
than the lowei part The wave-front therefore tilts back- 
wards, and the sound rays curve upwards as in Fig 62 The 
result of this is that at some little distance from the speaker 
there are no sound rays remaimng near the ground, and the 
sound is inaudible 

126 Effect of Varying Temperature of the Air 

A similar effect is observed when there is a gradual change in 
the temperature of the air fiom the ground upwards 
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Suppo'Je, foi instancy the temperature rises as we go 
upwards The warmer the air, the greater is the velocity 
o£ sound m it, and therefore the result will be the same as 
when sound travels with the wind T^Iib upper parts of the 
wave fronts will trai el faster than the lower parts, and the 
sound rays will curve downwards Conversely if the tempeiu- 
ture of the air gets lower from the ground upwards, the sound 
rays will be deflected upwards and will be lost in the upper air 

127 Sound. Shadows There is one marked difference 
between light and sound which merits a little explanation, 
though the complete explanation is beyond the scope of this 
book Sound and light both consist of wave motion, and we 
have seen that many of the phenomena of light have their 
counterpart in the cose of sound In the matter of the casting 
of shadows, however, there appears at first sight to bo a differ- 
ence If an opaque obstacle is placed in the path of a beam 
of light, no light in general gets round to the back of the 
obstacle, but we have a sharply defined shadow If an obstacle 
18 placed in the path of a beam of sound, this effect is generally 
almost absent The sound appears to be able to get round 
comers quite freely, and is heard almost as well behind the 
obstacle os m front of it 

The apparent anomaly anses from the difference in the 
ratio of the wave-length to the dimensions of the obstacle in 
the two cases It can be shewn that a sharp shadow is formed 
only wlien the obstacle is large compared with the wave-length, 
whether the waves be those of light or sound 

The wavelength of light varies between m and 

■js xsib 0 according to its colour Any ordinal y obstacle 
IS much greater than this m diametei, and therefore light in 
general casts sharp shadows. If however the obstacle is very 
small, such as a fine wire, it is found that some light gets 
round to the back, and the shadow is not sharjily bounded 

The wave length of a man’s ordinary Speaking voice is 8 to 
10 feet, and that of a woman's voice is 4 to 5 feet Now the 
obstacle must be at least 60 v> ave lengths in diameter to cast a 
shadow and even then the shadow would be badly defined, so 
that we cannot expect ordinary objects such as walls or houses 
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to have much efiect in cutting off the sound of the human 
voice Practically the only weakening effect such objects have 
aiises from then compelling the sound to take a longer path 
fiom a point in front to a point behind them 

When the pitch of the note is high and the obstacle large, 
the sound shadow may be very maiked The writer has met 
with a striking instance of this on Pdhng Moss in Noith 
Lancashue. In the Spring the sea-gulls lesoit in large 
numbeis to the Moss to lay their eggs, and when the young 
birds are able to ffy, the air is tilled mth their shnll sci earns 
There is a road at a httle distance fiom the nests, and by the 
side of the road theie is sometimes a row of staeks of peat 
The length of one of these stacks is many tunes as great as the 
wave-length of the screams of the birds, and consequently a 
good sound shadow is formed As one walks along the road 
the alternations of sound and silence are very marked 
Opposite the gap between two stacks the sound is unpleasantly 
loud , opposite the stack itself there is almost complete silence, 
and the change from sound to silence is qmte sudden 

A similar effect can be obtained in the laboratoiy, though 
It IS less marked If a card two feet square is held between 
the ear and the high pitched whistle desciibed eaiher m this 
chapter, the sound is perceptibly weakened If a medium 
pitched tumng-foik is used instead of the whistle, the inter- 
position of the caid has httle oi no effect in weakening the 
sound 

It should be mentioned heie in anticipation of what ^viU be 
said m the chapter on Quality that sounds aie generally 
composite, consisting of tones of various pitches, and the 
quality of a sound depends on the number, pitch, and intensity 
ot the tones that are present Some of these additional tones 
may be of high pitch, so that a given obstacle may be able to 
cast a sound shadow for the higher constituents, whilst having 
little effect on the lower constatuents Consequently at the 
back of the obstacle such a sound will be found to have a 
different quahty, fiom the weakenmg ot the highei con- 
stituents relatively to the lower ones 

128 Doppler's Principle. When a source of sound 
IS moving to or from a stationary listener, the pitch of the 
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note licnrtl by the listener is not the same as when the source 
IS st-itionnry Similarly n listenci inoMiig to or from a 
stationary soiiicc of sound hears a note of diircitnt jiiUli from 
that which he would hoar if ho were not iiiOMiig 

This may often lie observed at a railway station If a 
passing train whistles as it goes through the station, the pitch 
of the note given by the whistle falls just as it jiasscs the 
listener When the tram is approitliiiii', the pitch is liiglier 
than it would be if both train and listener w ore it lest, and 
when the train is receding, the pitch is lower If the tinin is 
traveUmg at 40 miles per houi, the fall of pitch is nearly a 
tone. 

The effect can be shewn in the laboratory by holding in the 
hand a vibrating tuning fork mounted on a resonance box, and 
swinging It rapidly in a eiiclc The person who is bwnnging 
the fork will hear no change of pitch, Ik cause the fork is 
alw ays at approximately the same dist mee from his ear, hut 
any othf r peraon, who pi wh-s himscU m the plane in which tho 
fork swmgs, will hear that tho note is highci wlun the fork is 
moving towards him than it is when it is niov iiig from him 

Wo may say in general terms that when the source and tho 
listener are approaching each other the pitch of the note is 
raised, when they are getting farther apart the pitch is 
lowered 

It IS not, howev er, a nmttei of indifference w hctlicr it is the 
sonreo or the listenei that moves If the w hustle and the 
observer are approaching each other with a given velocity, 
the observer w ill hear a note of ratlier highci jntch if he is at 
rest and tho whistle is moving tow aids him than he would 
hear if the w bistle w ere at rest and ho w ere iiiov mg tow ards it. 

The explanation of these phenomena given m ^ 12*0-132 
IS known as DoppUi^s PrinctjAe 

129 Source in motion and Listener at rest. 
Let us suppose first that the listener L (Fig 53) is at rest, and 
the source <S is mov ing towards him 

The source is producing waves at a defimte'rate n per 
second, n bemg tho frequency of the note that would be heard 
if source and listener were at rest These waves travel 
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towards L with a velocity ®, and the souice follows them 
with a velocity V At the end of one second S will have 
reached S', where S8' = V, and the wave sent out at the 


S S' 


O 

Fig 68 


L 


beginning of the second will be at O, where SO = v Now the 
source has given out n waves duiing the second, and these 
n waves must all be between S' and 0, and therefoie the 


1 1 . 1 , ^ 1 -S'O v-V 

length of each wave is — oi 

71 n 


If the source had been 


at rest, the n waves would have been distributed over SO, and 


the wave-length would have been — , so that the effec t of the 

motion of the souice is to shorten the wave-leng th in the ratio 
V — F to V Now the waves travel with the same velodily 
whatevei their length may be, and so the listener receives in 
one second as many waves as theie are in a length v, that isp 

V 

~ — p.n Tf then we write 7i for the frequency of the note 

V 

heaid, we have = n It should be noted that the 

V— K 

waves are actually shorter than they vould be if the source 
were at rest 


130 Iiistener in motion and Source at rest. 

Next let us suppose that the source is at rest, but the hstener 
IS moving towards it with velocity V 


S 




Fig 64 

Let the source be at rest at S, and at the moment we are 
considering let the listenei be at L The space between S and 

L is filled with waves of length X—~ These waves travel with 

n 

velocity 1 ), and therefore the particular wave that is now at L 
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■will one second later be at 0, where LO—x All the waves 
between L and 0 have passed thiough L during the second^ 
but meanwhile the listener has moved a distance V to L\ and 
so has received not only the wav es now between 0 and L, but 
also those now lietween L and L , that is he has received in 
one second all the waves that at the end of the second are 
included in a length V + v The w ave length is not affected 
by the motion of the listener, andThereforewiere ar^f waves 

in LO and n in L'O Consequently if n" is the frequency 

' v + V '' 

of the note heard by the listener, to" = to.’ 

\ - 

It will be seen that this is not the same formula as was 
obtained for the case where the source is in motion, and the 
method of deducing the formulae shews that we ought not to 
expect them to be the same, for in the one case the change of 
pitch is due to a real change of the wav e-length, and in the 
other case it is due to a change in the rate at which the waves 
pass the observer, though there is no change of wave-length 


131 Source and Listener in motion The two 
formulae can be combined so as to give an expression for the 
pitch of the note heard when both source and listener aie 
moving Let Kj be the velocity of the source and Vg the 
velocity of the listener both being reckoned positive when the 
velocity 18 from left to light 

Then if the hstener is at lest we have as befoie 


\/ to '=- 


-TO 


If now the listener be inovmg we have 


vy 


TO = 


V — V, 


V 


a 

n. 


Vg having its sign changed, because we treated Fa as positive 
m the investigation ab^ove, when the listener was movmw 
towards the left “ 

Substitutmg in the second of these equations the value of 
to' given by the first we find 

V— Vg 


TO = 


TO 


tr 

v~ F,. 


0) 
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It follows fiom this that if J\ = then n" = n, or there 
IS HO change of pitch if the source and hstenei move with 
equal velocities in the same direction, and so i emain the same 
distance apart When a person hears the wliistle of the 
engine of the tiain in which he is sitting, the pitch of the note 
IS the same whether the train is movmg or not 


132 Effect of Wind on the pitch of Sound The 

foimula (1) assumes that the air is still If a wind is blowing 
with velocity w in the dnection in which the sound travels, 
we must write v + tw in place of ■» in the formula, and so obtain 


n 


v + w— Vs 

n 

V -vw— Vi 


( 2 ) 


If then F, = Fj or the source and the observei remain the 
same distance apart the wmd has no effect on the pitch of the 
note that is heard If the wind blows from the observer to 
the source, it is tiue that the waves will be shortened, just as 
though there were no wind, and the source weie moving 
towards the observei, but the effect of the wind is to reduce 
the velocity of sound lelatively to the ground and the observer, 
and this r^uctioii in velocity exactly compensates the effect of 
the reduction m wa^ e-length on the pitch It is plam with- 
out gomg into details that wind cannot have any effect in this 
* case, for there is no difference in prmciple between the case 
where the source and hstener ai e at rest and the wind blows 
with velocity F, and the case where the source and listener 
are movmg in the same direction with velocity F, and the an 
15 at lest 


If the source and observer are moving with different 

velocities, the pitch of the note heard is not mdependent of 

-'the velocity of the wind, as is easily seen by formula (2), for 

v + w -Vs . i^u + uZ-Fs , _ 

^ is not equal to ~ unless F« = F, 

v + w—Vi ^ + - * 


^ 133. Doppler's Principle applied to Light A 

similar phenomenon is observed in the case of light. If a 
source of light is moving rapidly towards the observer, the 
wave-length of the hght is shortened, and vice versa The 
spectrum of a star generally contains bright or dark lines If 
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the star is approaching the earth, all the lines aie displaced a 
little in the direction corresponding to shorter wave-lengths, 
that IS towards the blue end of the spectrum If the star is 
receding, the lines are displaced to\i ards the red end 

By measuring the amount of displacement the velocity of 
approach or recession can be determined This method of 
finding the motion of stars in the line of sight is largely used 
in astronomical investigations, and has pro\ ed of great value 



CHAPTER Vn 

INTERFERENCE, BEATS, COMBINATIOFI TOliJES 

134 IVEeaiimg of the term Interference. In the 

present chapter we shall discuss some phenomena that result 
from the superposition of wave trains on each other "When 
the result of the superposition is to give a distribution of 
energy very different from that due to the separate trains, 
the phenomena are generally classed under the name Inter- 
ference 

Before passing to experimental methods it will be useful 
to find from theoretical considerations what is the result when 
two harmonic trains of plane waves of the same wave-length 
are superposed We shall take the three cases wheie (1) the 
waves travel in the same direction in the same straight line, 
(2) they travel in opposite dnections in the same straight line, 
and (3) they travel in two directions meeting at any angle 
We may call these Coincident Trains, Opposite Trains and 
Obhque Trains respectively 

135 Superposition of Coincident Trains of 
“WaTes. In the case oi Coincident Trams we have the 
same difference of phase at every pomt of the trains and at 
every moment Whatever may be the distance between two 
adjoining crests — one taken from each train — that distance is 
the same everywhere If we compound two such trams in 
the usual way we get merely a third harmonic train of the 
same wavelength as the constituents, and of an amplitude 
which depends on the difference of phase of the constituents 
The student should find no difficulty in proving this graphic- 
ally 

I 

*136. Equation of the Resultant Tram. We 

can prove analytically that two haimomc. trams of the same 
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wa\ e-length and m the same straight line must always give a 
third harmomc tram 


We saw that we can represent one of the trains by the 
equation 



2jr - 

= a sin -r- {vt ■ 


■x), 


wheie y is the displacement at time t and at a distance x from 
the origin, X is the wave-length, v the velocity of the wa\ es, 
and a the amphtude 

The second constituent differs from this only in amplitude 
and phase, and so can be written 

y' = b sin ^(yt — x + a) 

A 


These w hen compounded give the wa\ e 

T'=y + y' = a8in^(®« — a;) +68in ^(v/-aj + a) 
A A 

which can be wiitten m the form 



F = c sm ^ {vt — x + P) 
A 

if 

c cos p = a + b cos a 

and 

c sm )8 = 6 sm a 

or 

6 sm a 

tan fl= j 

a + b cos o 

and 

<r = o* + 6’ + 2ab cos a. 


137 Distribution of energy in the Resultant 
Train Two special relations of phase should be mentioned 
If the constituents are in the same phase at any point, they 
are so everywhere If they have the same amplitude they 
compound into n w ave tram wnth double the amphtude and 
four times the energy of either If they are m opposite 
phase and have the same amplitude they neutralize each other 
everywhere, and there is no displacement, velocity or con- 
densation anywhere. 

It IS eiident from the doctrine of the Conservation of 
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Eneigy that this cannot be a complete statement of any case 
that could actually arise, for we cannot either quadruple or 
annihilate a stream of energy by adding an equal stream to it 
We shall return to this pomt presently 

It IS to be remembered that we are dealing only with 
plane waves, which do not spread out laterally If they 
spread out laterally they will diminish in amplitude as they 
get farther from their source, and this will modify some of oui 
conclusions If two spherical sets of harmonic waves of the 
same wave-length spread out from the same centie, they will 
compound into a thud spherical set, whose intensity will fall 
off inversely as the square of the distance from the source 


138 Superposition of Opposite Trams of W aves. 

We dealt with the superposition of two opposite trains of air 
waves in Chapter IV, and saw that they compound into a set 
i^of stationary waves At a node there is maximum change 
|/of pressure but no motion, whilst at an antinode there is 
’ maximum motion but no change of pressure. 


139 Effect of Stationary Vibrations on the Ear 

We have not yet enquired how such stationary waves affect 
the eai If the eat is moved along a tram of stationary waves, 
will it hear sound everywhere 1 If it does not hear the Sound 
equally loud everywhere, will the maximum be at a node or 
at an antmode ? The expenment could not be made in this 
crude way, as the head is so large as to mterfere with the 
formation of the waves, but the exploration can be made with 
a rubber tube, one end of which is placed in the ear and the 
other moved along the stationary waves Itjis found that ttie 
loudest sound is heard when the end of the tube is at a node, 
and nothmg is heard when it is at an antinode The tube 
merely forms a prolongation of the natural passage leadmg to 
the drum of the ear, and when its open end is at a node, the 
compressions and rarefactions at that pomt cause waves to 
run down the tube to the ear When the open end is at an 
antmode, the air merely flows to and fro across it, and no 
sound IS heaid Thus when we use the ear os a detector, we 
may say that there is maximum sound at amode, and no sound 
It IS the variations of pressure that cause the 
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drum of the ear to \ibrnte, and not motion of the air without 
changes of pressure 

140 Superposition of Oblique Trains of Waves. 

Let us next consider the superposition of tn o oblique trains 
travelling in the directions AO and HO (Fig 55), and crossing 
at 0 , the trains having as before the same v ave-length 

Since the t\i o trams have the 
same frequency, their difference 
of phase will always be the same 
at 0, but the trains cannot 
neutralize each other in all 
respects, whatever that diffei- 
ence of phase may be 

Let us suppose thnt tlie^ are 
in opposite phase We mean by 
this that, when the paiticle at 0 
would be moving through its equilibrium position m the 
direction AA' in which the nave traiels if the tiain AA' 
only were passing, it ivould be nioiing througli its equi- 
librium position m the direction B'B if the tram BB' only 
were passing These two velocities cannot neutralize each 
other, for they are not in the same direction, and the same is 
true of the displacements at any moment It is clear that 
the particle at 0 must describe one of the forms of Lissajous’ 
Figures for the vibration ratio 11 If the phases of the 
constituents are the same, and the amplitudes are the same, 
the particle will vibrate in a straight line bisecting the angle 
AOB If the phases are opposite, it will vibrate in a straight 
Ime bisecting AOB', and with any other relation between the 
phases it will descnbe an ellipse i\ith 0 os centre. In 
Chapter 11 we dealt only with the hgures formed when the 
directions of vibration are at right angles, but the results 
would be similar if the directions of vibration made any other 
angle with each other Each of the figures would be sheared 
so as to bring the sides of the enclosing rectangle to the proper 
angle with each other 

We see then that there will always be velocity and 
displacement at 0, whatever is the diffeience of phase lietween 
the trams, because velocity and displacement have diiection as 
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well as magnitude Compression however has no direction, 
but only magnitude, and it is possible for a compression due 
to the train ^0 to neutralize a rarefaction due to the tram 
BO at the point 0 Suppose that the two tiains have equal 
amplitudes and opposite phases At a certain moment 0 
would be moving thi ought its equilibrium position m the 
direction AO under the influence of the tram A A', and in the 
•direction OB under the influence of the train BB' It would 
therefore be m the centre of a region of condensation of the 
train AA' and in the centre of a region of rarefaction of the 
train BB' The result would be no condensation, and this 
would be the case not only at the moment we have considered, 
but also at every other moment There would never be any 
condensation or variation of pressure, and as regards the effect 
on the ear 0 would be a point of silence. If the amphtudes 
were not equal, there would be minimum sound, though not 
complete silence, when the phases were opposite 

141 Superposition of two sets of Spherical 
Waves. I/Ct us now take a more general case and suppose 
we have two source.s of sound of the same frequencj’’ and a 
few wave-lengths apart For the sake of simplicity we will 
suppose they are in the same phase In the space round these 
sources we shall find regions in circumstances corresponding to 
the three cases we have discussed 

Let 0, O' (Fig 56) be the two souices. Each source 
separately would send out waves with spherical wave-fronts 
Round the source 0 draw a senes of circles m full lines with 
radii mcieasmg by A. at each step In the fagure the circles are 

drawn with i-adii _ , — , — , etc These will shew the positions 

at some moment of the surfaces of masimum compression due to 
the waves spreadmg out from O Now draw a senes of dotted 
circles half way between those of the first set These will 
shew the positions of the surfaces of maximum rarefaction at 
the same moment Draw a similar set of full and dotted 
circles round O' 

Smce every point on a full circle is a point of maximum 
compression for the source round wlm-h the circle is drawn, a 
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point where two such circles cross will be a point of maximum 
compression, when the two sources send out their waves 
together The actual compression will be the sum of those 
due to the two sources separately At such a point two rays 
of sound, one from each source, cross each other in the same 
phase, and it is easily seen that the difieronce of the distances 
of the point from the two sources must be some whole number 
of wave-lengths 



Fig 50 


A point where a full and a dotted circle cross is a point 
where a compression from one source comeides with a rare- 
faction from the other, and is therefore a pomt wheie the two 
trains neutralize each other to some extent The difference 
between the distances of such a point from the two sources 
is an odd multiple of half a wave-length The variation of 
pressure is not in general completely annihilated, for e\ en if 
the sources have the same amplitude, the distance of the pomt 
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from the two sources is not genemlly the same, and therefore 
the amphtude of the trains is not the same at that pomt 


If a curve is drawn through the pomts where the difference 
of the distances from the sources is some definite odd multiple 
of half a wave-length, we get a curve such as the dotted hyper- 
bolic curve in the figure, which is drawn for a difference f X. 
This is a locus of pomts where the compression is a minimum 
at the moment we are considering Other similar curves can 

be drawn for differences etc Moi cover these 


curves are lines of mimmum change of pressure at every 
moment, foi they are the loci of pomts where the two separate 
tiains are always m opposite phase 

Along the line O'E we have two trams travellmg m the 
same direction, and therefoie compounding into a single pro 
gressive harmonic tram If the distance between the sources' 
IS exact number of wave-lengths, the two trains will be lUi 
the same phase, and so will give a tram with an amplitude 
at every pomt equal to the sum of the amplitudes of the| 
constituents If the distance between the sources is an odd' 
m^ultiple of half a wave-length^ the two trams will be liJ 
opposite phase, and the amplitude at each point will be the* 
difference of those due to the two constituents 


As the constituent tiains dimmish m amplitude with 
increasing distance from the source, the resultant tram must 
do so also, and the intensity of the sound wiU therefore fall 
off as we pass outwards along the hyperbolic curve or 
along O'E 

Between 0 and 0 we have two tiains of waves travellmg 
in opposite directions, and therefore compounding into a senes 
of stationaiy waves 


142 Distribution of energy round two Sources 

we see then that the distribution of energy round two sources 
18 very different from that round only one From one source 
the energy spreads out uniformly m every direction From 
two souices It IS concentrated along certain Imes The full 
hyperbolic cuive of Fig 56 is a line of maximum flow of 
energy, the dotted curve is a line of minimum flow 


8—2 
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In spite of this redistribution of the energy the total 
amount flowing outwards is the sum of the outputs of the two 
sources The interference neither annihilates nor creates 
energy on the whole 

143 Exceptional cases where the Sources in- 
fluence each other This is generally what happens 
when we have interfeienco, but there are evceptionnl cases 
whore the addition of a second source diminishes the total 
energy In this case the proximity of the two sources causes 
Ijoth to give out less energy than they would if far apart. 
"We have an instance of this when two similar organ pipes are 
mounted close together on the same wind chest If the tM o 
are blown together, the sound produced is everywhere much 
less than u ould be produced by one pipe alone The pipes at 
once fall into opposite phases, and very little energy is given 
out by either The explanation of this action is beyond the 
limits of this book 

It IS possible to have the converse case. If two sources of 
sound equal in period and amplitude are placed very close 
together, and compelled to vibrate in the same phase, the 
amplitude will be double and the energy four times that due 
to one of the sources In this case the presence of each 
source compels the other to do double the work it v, ould do if 
it were alone 

144 Interference by use of a Branched Tube 

A convenient form of apparatus for shewing interference is 
illustrated in Fig 67 AC is a tube open at A and C and 
divided into two branches B and D, one of the branches 
D havmg a telescopic slide by which its length can be varied 

A tuning-fork is placed before the opening A, and a 
rubber tube connected with G carries the sound to the ear 
If the slide is adjusted so as to make the two blanches of the 
same length, the two trains of waves that have come by way 
of B and D respectively vnll arrive at in the same phase 
They will therefoie add their dSects and the sound will pass 
on to the ear as it would have done if the tube had not ^en 
divided 

Now draw out the slide gradually, making the branch 
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D longer than B The waves arriving at E by way of D will 
fall more and moie helnnd those coming by B, and when the 
difference in path between the two branches is half»,a^ave- 
length, the two trains \s ill neutralize each other at E, and no 
sound will he heard at G If part of the branch B consists of 
a piece of indiarubber tube, it will be found that pinching the 
tube so ns to stop the stream coining by B restores the sound, 
thus proving that the silence is due to toe superposition of the 
two trains of waves at E 


=< 



c 


Fig 67 

It may he asked what has become of the energy in this case 
The answer is that it has been reflected at B and has returned 
to the open end A As the two trains are m opposite phase 
at E, there is no variation of pressure there It is because we 
have approximately this condition at the open end of a pipe 
that most of the sound is reflected back from an open end 
with reversal of phase E then behaves as an open end and 
the sound is i effected back to A 


145 Interference near a Tuning-fork Inter- 
ference may be lUusti'ated in a simple manner by the use of a 
tuning-fork, though the complete explanation of the pheno- 
menon IS less simple than in the case of the divided tube. 

Hold a vibrating fork near the ear, and twist it round by 
turning the shank between toe finger and thumb The sound 
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•will be heal’d to nse and fall in intensity four times in each 
revolution 



*D ® ^ 


s 

Fig 58 

Let A and B (Fig 58) represent the free ends of the 
prongs of the fork ^e prongs move inwards and outwards 
together When they are moving outwards compressions are 
produced on the faces A and B, and these compressions travel 
outwards •with maximum amplitude in the directions B and 
IT, and with minimum amplitude in the directions If and S 
At the same moment a rarefaction is produced between the 
prongs at C, and this rarefaction travels outwards with 
maximum amplitude in the directions If and S and minimum 
amplitude in the directions B and W There will tJien he 
four directions such as IfE w here the compression and rare 
faction hav e the same amplitude, and so neutralize each other 

It follows that if the ear moves round the fork, or, wliat 
conies to the same thing, the foik is turned before the ear, the 
sound will be heard plainly in the directions If, E, S, W, but will 
be inaudible in the direction IfE and the three coi responding 
directions 

146 Seebeck’s Interference Tube Seebeck’s Tube 
gives a good illustration of interference, and also provides the 
1 means of measuring the velocity of sound in air -with fair 
accuracy 

It consists of a glass or metal tube with a short side tube 
A near one end, and a slidmg piston B by which the length 
of the mam tube can be vaned. 
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A tuning-fork is placed before the open end (7, and a 
rubber tube leads from A to the ear The waves from the 
fork reach A by two paths. Part go from G to D, and then 
pass out by A The rest go from O txi B, are reflected there, 
return to 2?, and pass out by A Thus one path is longer 
than the other by twice DB 


A 






B 


A 

Fig 59 


Slove B back and forwards until a position is found for 
which the sound heard at d is a minimum The two trains 
of waves are then in opposite phase at i), ^d.twice,27J5 must 
be^somejodd multiple of half a wave-length It is easy to 
secure that twice DB \s one half wave length by beginning 
with the piston near D, and drawing it backwards until the 
first minunura is reached If the tube is long enough to giv e 
several minima of sound, it is clear that the corresponding 
positions of the piston will be half a wave-length apart 

If .S IS in the position foi the first minimum we have 

DB = \\ 

and if n, the vibration number of the fork, is known, we have 

v = nk = AnDB 

This method of measunng the velocity of sound in air has 
the advantage that only a small volume of air is used, so that 
its temperature and degree of humidity can be determined 

The apparatus can be used for finding the velocity of 
sound in other gases than air by making the handle by which 
the piston is moved in the form of a narrow tube, and causing 
I slow stream of the gas to flow through it into the main 
tube If a gas heavier than air is used, such as carbon dioxide, 
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the tnbo should be placed with the open end C upwards , if 
hydrogen or coal gas is used, the end G should be doivnwards 

A doubt might arise as to whether the mcasuionicnt of 
DB should be made fiom the nearer edge of A the fartliei 
edge, or the centre. The correct place to measure from is the 
centie of the side tube When the sound is at its minimum 
at A, what really happens is that the direct and leflcctcd 
waves form stationary iibrations in CB, and A is at the 
centre of a vibrating segment, where there is motion but no 
change of pressure Now it is only exactly at the centre of 
the segment that there is no change of pi essure, and the tube 
■1 must take in a little on each side of the centre If at an} 
moment, however, there is compression on one side of the 
centre there is rarefaction on the other side, and so if the 
centre of the segment is opposite the centre of the side tube, 
the small regions on eacli side of the centre of the segment, 
which are also opposite the end of the tube A, will neutralire 
each other 

147 Zones of Silence round a Pog Siren It 
,has been noticed that when a fog-siren is placed on a high 
cliff, a ship may find itself in a “ zone of silence,” w hero the 
siren is inaudible , though if the ship mo^ e tow ards ot aw ay 


A 



from the shore the sound becomes audible again These zones 
of silence have been explained by Tyndall as being due to 
interfeience. 
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Let A be the fog-siren, and £ the observer on. the deck of 
a ship The sound can reach him by the direct bne AJB and 
also % the path AC£ where it is I'eflected from the surface of 
the sea. If these paths difFei by a half, wave-length, or any 
odd multiple of a half wave-length, the two trains of waves 
will interfere at B, and the fog siren will not be heard If 
the ship moves either inwaids or outwards, the difference 
between the two paths changes, and the sound is heard again 
It_is loudest when the difference of the paths is an exact 
number of wavelengths 

148. Superposition of trains of waves of nearly 
the same Wave*length We have so far considered only 
the interference of two trains of the same wave-length There 
IS a further case of great practical importance, where the 
wave-lengths, and consequently the frequencies, differ slightly 

Suppose we have two trams of waves travelling along the 
same hne in the same direction, one of which has the frequency 
100 and the other 101, and suppose that at some one moment 
they aie in the same phase at a point A At a point B whose 
distance from A is the distance sound travels in one second, 
they will also be in the same phase, for the length AB contains 
exactly 100 waves of the one tram and 101 of the other 
The iTOves with frequency 101 are a little shot ter than those 
with frequency 100 and so, as we pass along the tram from A 
towards B, the longer waves will gradually drop behind the 
shorter waves m phase 

If we call the wave-length of the shorter waves X, then 
that of the longer waves will ^ Hence af tei passing 

over a distance X, the train of longer waves will be 

100 

behind m phase, after 2X it will be ~ , after 3X it will be 
3k 

and so on After passing over 50 X, that is half way 

from AU) B, the difference m phase ivill be or the two 
trains will more or less neutralize each other, according to 
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their relative amplitudes After passiug the middle point (7 
the longer waves will drop still farther behind, until at B they 
will be a whole wave behind, and so have come into the same 
phase again We see then that at A the two trains will give 
a resultant wave with double the ampbtude of either, if the 
two components ha\ e equal amplitudes, and the amplitude of 
the resultant will gradually fall off, as we moie towards C 
At G it will become zero and then will rise again, until at B it 
IS the same as at As waves of all lengths travel with the 
same velocity, these masLima and minima will travel with the 
velocity of sound, and an ear placed m the path of the train 
will hear the sound use and fall in intensity once a second 
Wo hav'e supposed the two frequencies to differ by unity, 
but ne can easily extend the prooi^ so as to include the 
case of two trams of waves whose frequencies have any 
difference Let one tram have frequency a and the other 
a + ti. In the distance travelled by sound in one second 
there vv ill be o waves of one tram and a + n of the othei 
The shorter naves gam on the longer by n naves. Every 
time one n ave-length is gained, the trams come into the same 
phase, and there is maximum sound Hence in passmg from 
one end of the length v to the other, we pass over « maxima, 
with minima half way between them It follows that as 
sound travels a distance v in one second, there will be a rise 
and fall m intensity n times per second 



Fig 61 

Fig 61 shews the change of amphtude of the resultant 
wave tram, when the components have frequencies in the ratio 
of 8 to 9 

149 Beats If the difference of frequency of the two 
notes is great, the alternations in intensity follow each other 
so rapidly that they cannot be distinguished, and we hear 
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merely the two separate components sounding simultaneously 
If the difference of frequency is small, or in other words the 
two notes differ little in pitch, we can no longer distinguish 
them separately We hear merely a smgle note which rises 
and falls m mtensily These alternations in intensity arising 
from two notes of nearly the same pitch are called JBeats, and 
play an important part in many acoustical determinations 
By countmg the beats m a given time we can find the number 
per second, and thus find the difference between the fre- 
quencies of the two notes 

The difference n need not be an integer The general 
statement that the number of beats per second is the difference 
of the frequencies of the two notes holds for all values of 
^ whether integral or fractional 

t/ 150. Pitch of the note heard when two notes 
beat. It was said above that^ when the notes are of nearly 
the same pitch, the eai hears only a single note with variations 
in loudness The question arises what note does it hear 1 Is 
it the higher of the two components, or the lower, or some- 
thing different from either? 


The pomt is of no practical importance, and it is sufficient 
to say that the resultant curve is not harmonic In so far as 
It can be said to have a wave-length, that wave length is 
generaUy different at different points, and therefore the pitch 
fluctuates a little At the maximum it is always inter- 
mediate between the pitches of the components At the 
mimmum the pitch depends on the relative intensities of the 
componenfe If they have nearly the same intensity, the pitch 

maximum If the lower note is 
resultant has a lower pitch than 
either H the higher note is much the stronger, the resultant 
has a higher pitch than either vcsmrani; 


161 lUustratxons of Beats Beats are of verv 

produced in many way^^ 

gem by sticfanla httlVx eTcIi of1t"p": 

oontaue to ao«»d_«.y half a by 30, aS 
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the quotient is the difference between the vibration numbers 
of the two forks 

Two organ pipes of the same pitch will beat strongly if 
the pitch of one is lowered a little by partly covering its 
mouth with the hand 

A pianoforte has generally three strings to each note, 
and the strings of any one note should be exactly in umson 
If a number of notes be sounded in turn, it will generally be 
found that some of them give beats, shewmg that the strmgs 
are not exactly in tune The usual method of tuning a 
pianoforte is to get one of the three strings to the right pitch 
relativel} to the other notes of the instrument, and then to 
brmg the two other strings into unison with it by tightening 
them or loosenibg them until no beats are beard 

162 Idmitation of the Method of Superposition 
of Waves In all that has been said hitherto about inter- 
ference and beats it bas been assumed that we can get the 
resultant displacement at any point by adding the displace- 
ments that would arise from each of the two component trains 
separately This is true only when the displacement is 
proportional to the force that causes it We saw in Chapter II 
that the diminution in volume of air is not proportional to the 
increase of pressure, but if the variations of pressure are very 
small, as is generally the case, the devi^um from proportion- 
ality IS so small as to be neghgible,'^^ulhe conclusions we 
ha\e reached may be regarded as bein9ap»rrect statement of 
what takes place, if the sound is not \’&y loud 

It might be anticipated however that, when the sound is 
loud, the defect of proportionality may be great enough to 
introduce new features, and this is found to be the case 

153 Combinatiou 701168 Mathematical analysis 
shews that when two notes of frequencies p and q are sounded 
strongly together, a series of other tones called Combination 
Tones exist in addition to the two components 

The strongest of these tones is called the First Difference 
Tone, and has a frequency p — q This tone may produce with 
the second primary a second difference tone, having the 
frfequency p — 2q This again may produce a third difference 
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tone of frequency p — 3}, and so on Also two difference tones 
such ssp — 2q and p — can theoretically produce a tone 2q 
We have also a First Summation Tone of frequency p + ?, and 
other Summation Tones formed from this and each of the 
pnmanes, or from this and any of the Difference Tones 
Thus an infinite number of Combination Tones are theoretically 
possible, and many of them can be derived in more than one 
way from the pnmanes and the other Combination Tones 
The First Difference Tone is generally the only one of the 
senes that is easily audible It is much weakei than the 
pnmanes, and therefore the Second Difference Tones, being 
formed from a strong tone and a weak one, are still weaker 
The Firat Summation Tone is very weak It can be heard 
faintly when two notes are sounded together very strongly on 
a harmonium, but there are observers who say they have 
never succeeded in hearing it, and who deny its 6v.isteiice 
The First Difference Tone is easily heard on the harmonium 
Sound together the note <? near the top of the treble clef and 

m ® ^ ^eai d as a Difference 

lone. The tone will be heard more easily, if c* is sounded 
for a moment by pressing down its key, so as to prepare the 
ear for the note it is to hear Diffei ence Tones are produced 

Motif whistles are 
blown loudly at the same time 

Totp? origin of Combination 

Tones Much discussion bos taken place as to the oiiem of 

of different frequencie! doS two vibmtions 

frequency is the difference of f ■'^^^‘'“tion whose 

as t e sh5l see more Sv whS 
According to Ohm’s <• 

pr=»„t tbs a”l w ”fv,h ‘r* Mly when there ,s 
freqnencj, and n mere nse and fall nppiopriate 

other phymmtte have mamtained that the aombmation 
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tones are formed m the ear or in the brain, and have no 
OMStence in the air Rucker and Edser, howeier, have shei^n 
that when two notes are produced simultaneously by a siren, 
their combination tones — both difTerential and summational 
— can excite lesonant iibrations m a tuning fork, whence 
IV 0 conclude that, in some cases at least, the tones have an 
objcctiv 0 existence 

The subject is too complex to discuss here at length It 
must suihce to say that at present Helmholtz’s explanation is 
generally accepted os being correct in the main, thougli there 
are probably coses w here Combination Tones anse from a want 
of symmetry in tlie mechanism of the ear 

155 Method of finding the pitch of Combination 
Tones The difference tone arising from two notes forming 
any of the ordinary intervals used in music cun be readily 
found from the table of harmonics in Fig 31 Suppose, for 
instance, we want to find the firat differential of two notes 
a major third apart The eighth and tenth terms form the 
required interval Their frequencies are in the ratio 8 to 10 
If their adtual frequencies were 8 and 10, the frequency of the 
ditteience tone would be 2 The fact that the frequencies are 
in leality about 65 times as great makes no difference, since 
intervals are measured by the ratios of frequencies. Hence 
the difference tone is number 2 of the senes, that is, it is tw o 
octaves below the lower of the two notes which form the 
major third This relation holds whatev ei is the actual pitch 
of the notes ido long as the primanes make an mterval of 
a major third, the first difference tone is two octaves below 
the lower We should have got the same result if we hod 
taken numbers 4 and 5 to form the major thud Ihe diffei- 
ence of then frequencies shews tljat number 1, the lowest 
member of the series, is their first difierence tone, which is 
again two octaves below the lower pnmary 

To take another example let us find the first difference 
tone of c’t? and which aie a fifth apart There is no need 

to transpose the senes of tones The second and third 
members are a fifth apart Their Difference Tone is number 1, 
which IS an octave below the lower pnmary Hence the first 
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difference tone of and 5‘b is ako an octave below the loner 
of the two notes, or is cb 

The same method can be applied to find Summation Tonea 
The first Summation Tone of No 4 and No 5, which' are a 
major third apart, is No 9, which is a ninth above the Ion or 
pnmaiy 

It 18 a useful exercise to sound c* on the harmonium with 
each of the notes m the octave below it As the lower note 
rises from c* through d-, e- etc the difference tone is heard 
falling from through b% etc , and the tones heard can be 
compared with those obtained by the method of calculation 
just given 

It should he mentioned that the notes of a harmomum as 
ordinarily tuned are not quite in accordance with tlie ratios 
given by the harmonic senes, and some of the difference tones 
will be found to be out of tune. The itason for this wiU 
appear when we speak of temperament 

Beats caused by Bifibretioe Tones We 

a little oat of tone br sticbino apart, and put one 

forks ace now sound^ oa its prongs If the 

notes of thelorrdSrK^'rk The 

and we must look for another cause sEnnJ ^ 

has a frequency 100 and the other ISS^^Th 

tone wdi have a frequency 98 Tnd ^ifibronce 

second with the note of tL lower Vrk 

the forks are adjusted untd the heated ^ 

the frequencies must be exactly 9 ^ 5 ^ <iMappear, the ratio of 



CHAPTER VIII 


EESONANCE AND FORCED VIBRATIONS 

} 157 Free and Forced Vibrations The vibrntions 

'of sounding bodies discussed in the preceding chapters are all 
of the kind knoivn as free vibrations They are the vibrar 
tions which a body executes if it is made to vibrate and then 
left to itself, and their period depends only on the dimensions 
and elastic constants of the body The period of vibration of 
a body in such circumstances is called its Free Period, 

We must now consider the case v here a body is maintained 
in a state of vibration by a periodic force, which has not 
necessarily the same period as the free vibrations of the body 

When the penod of the force is not the same as the free 
period of the body, the body ultimately vibrates in time with 
the force, and its vibrations are called Forced, Vibrations In 
the special case ivhere the period of the force and the free 
period of the body are the same, we have the phenomenon 
known as Resonance As the latter case is the simpler, we 
shall take it first 

158 Resonant Vibrations of a Pendulum 

Make a simple pendulum by suspending a heavy bob by a 
string of such a length that tlie centre of the bob is 39 inches 
below the point of suspension This pendulum will have a 
penod of about two seconds, that is, at intervals of two 
seconds it \\ ill be found in a particular phase, say at the end 
of its swing to the right Fix two light threads to the bob 
Take one in each band and, starting with the boh at rest, pull 
V ery gentlj to the right for one second, then to the left for one 
second, then to the right, and so on By this means we apply 
to the pendulum bob a force which may be regarded as 
roughly representing a harmomc force, and it is clear that the 
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bob will soon swing witb considerable amplitude The first 
pull will draw the bob a little to the right, the second pull 
will draw it to the left, the third will draw it rather faither 
to the right than before, the fourth still farther to the left, 
and so on As the force changes its direction every second, 
and the pendulum changes the direction of its motion e\ery 
second, the force ■will always act in the direction in which the 
bob would move if left to itself, and so the whole of the work 
done by the force will be used in increasing the amplitude of 
the swing, except such small amount as is required to com- 
pensate the loss of energy from air-fnction, etc 

159. Forced Vibra'tions If the pulls have a period 
that IS not the same as the free period of the pendulum, the 
amphtude will not continually increase Suppose, for instance, 
that ■fche period of the force is a httle less than that of the 
pendulum For the first few swings the force will be nearly 
in time ■with the pendulum, and the amplitude will increase, 
but as the force gets moie and more in advance of the 
pendulum in phase, a time will come when it is half a period 
in advance, and then it will act to the right when the 
pendulum is movmg to the left, and vice versa, so that, 
mstead of the force doing woik on the pendulum and in- 
creasmg i^ts swing, the pendulum does work on whatevei exerts 
the force, and for several s^wmgs the amplitude gets less 

These rises and falls of amphtude will continue for some 
time, but it can be shewn mathematically that the pendulum 
will ultimately settle down to a ■vibration that has the same 
period as the force. Such a ■vibration is called a Forced Vrbfa- 
turn We shall defer further consideration of forced vibrations 
to a later stage of this chapter, merely statmg here that their 
amphtude is generally small, except when the period of the 
force IS nearly the same as the free period of the body. 

160 Vibrations produced by a Non-Harmonio 
Force. Suppose next that, 
instead of giving alternating 
pulls each lasting a second, we 
give every two seconds a pull 
of short duration and always in 
the same direction. The force is agam periodic with a period 

as, Q 



Fig 62 
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of two secoRds, but it bears bttle resemblance to a Simple 
harmonic force A simple harmonic force would be represented 
giaphically by a sine cuive, whereas the force we have ]ust 
described would be represented by some such curve as that of 
Fig 62 The result however will be the same as before If 
the pendulum starts from lest it will gradually acquire a large 
arc of swing, for the force ivill always act at the right moment 
to increase the swing 

If the short pull is given every four seconds, we shall 
again have vibrations of large amplitude, and similarly if the 
interval between the pulls is any multiple of two seconds 

We see then that either a harmonic or a non harmonic 
force can excite large vibrations in a body , but there is a 
difiFerence between the two cases A harmonic force excites 
resonant vibrations in a body only when its penod is the same 
as the free penod of the body, or one of its free penods if, as 
IS generally the case, the body has more than one possible 
mode of vibration, each wuth its own penod The non- 
harnionic force may excite resonant vibmtions when its penod 
18 not the same as the free penod of the body It is not 
correct to say that it will excite such vibrations, when its 
penod 18 a multiple of that of the body, for it is only m 
special cases that it will do so The discnmmation between the 
cases in which a non-harmonic foice of penod different fioin 
that of the body does excite resonant vibrations and those in 
which it does not must be left until Founer’s Theorem has 
been explained. 

161 Instances of Resonant Vibrations Besonant 
vibrations are a common occurrence m eveiyday hfe Every 
child knows that by certam motions of the body he can 
increase the arc of an ordinary swing, and he soon finds that 
his motions must keep time with the swmg, if they are to be 
effective. If one leans first to one side and then to the other 
of a heavy boat, a considerable loll can be set up, if the 
motions of the body have the same period as the natural 
swing of the boat. A suspension bridge has been known to 
give way through the large swing produced by the regular 
tramp of soldiers, when the tramp happened to keep time 
with the natural swing of the bridge T^e writer once 
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expenenced a similar resonant swing on a seaside pier A 
large number of people were walking along it to the strains 
of a band, thus keeping in step with each other, and an 
oscillation was pi oduced that was great enough to cause some 
persons to fall Fortunately the alarm was so great that the 
people rushed about regardless of the band, and the oscillation 
quickly subsided 

B^onance can be shewn by making use of the monochord 
Tune one of the strings to a tuning-fork Make the fork 
vibrate, and hold its stem against one of the bridges. The 
string will quickly take up the vibration, as can be shewn by 
placing a paper nder on it 

It IS not necessary for the fork to be in tune with the 
fundamental of the string It will give resonance if it is in 
tune with any one of the overtones If it is, for instance, an 
octare above the fundamental, the stiing will vibrate in two 
sections with a node between them This is a convement 
method of shewing the various modes of vibration of a 
stretched stnng 


162. Helmholtz’s Resonators The air m a hollow 
body mth a narrow neck, such as a bottle, has a definite 
penod of vibration, as is shewn by blowing across the neck, 
when a note of recognizable pitch is heard If a tuning-fork 
of the same pitch as this note is held near the mouth, the 
sound swells out greatly, through the resonant vibrations 
excited by the fork in the air in the bottle 

Resonators similar m principle to this are of great use in 
acoustical investigationa They 

were used by Helmholtz in his A A 

work on the quality of musical ^ T~ “T” 

notes, and are therefore usually / \ I I 

called Helmholtz’s Resonators / i 1 


Two of the more common forms V /II 

of these resonators are shewn m n. 1 J 

Fig 63 In each case A is the 

open month and R is a short neck B 

which is inserted in the ear, so Fig 63 

that, if resonant vibrations are 

excited in the contamed air, they can be heard even though 

9—2 
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faint The second form has the greater part of the body 
cyhndnoal and double, so that the volume of air can be 
adjusted by sliding the outer pait over the inner 

These resonators are of such importance that vre must 
consider their action in some detail 

163 Nature of the vibratloUB in a Helmholtz 
Itesonator We sa-w m Chapter II that the penod of 
vibration of an elastic bodj is of the form 



where M is the ineitia of the moving parts, and F is the 
elastic force We cannot generally separate the body into 
two parts, and say that the inertia is all in one and the 
elasticity all in the other, but we can often see that the elas- 
ticity IS mainly in one part, and the inertia mainly in the 
other A bob hung by a light spring is an instance. The 
elasticity is wholly m the spring, and the inertia is mainly in 
the bob There is some inertia in the spring, smce it moves 
with the bob, but if it is much lighter than the bob its inertia 
18 unimportant We can make a similar approximate separor 
tion in the case of a resonator 

We may descfllja.the motion of the air in a resonator in 
the following way A'stfeSJu of air runs in and out of the 
vessel by the neck A When^^l^s m, it raises the pressure 
of the air inside This nse of pre§^>^ checks the stream of 
air, and causes an outward stream^ The momentum of the 
outward stieam causes it to flow lonk®^ required to 

reduce the pressure inside to the sam® outside The 

stream therefoie overruns the equiln^^^^™ state, and the 
pressure mside the resonator sinks bel^ outside Con- 
sequently an inward stream is producer agAin and the cycle 
of events is repeated I 

Let us suppose the mouth A is smalfl the volume of 
the resonator is large , then when the air streammg in and 
out, there will be little kinetic energy anywl^®’’® except near A 
We may compare A to the centre of a Voop in stationary 
vibrations and the inside of the resonator Near 
A there is maximum motion and very httle c!|“'’>ig® pre^re, 



133 


162-164] RESONANCE AND FORCED VIBRATIONS 

tiTi ji inside .the resonator there as change of pressure but very 
little motion In other words the energy at the mouth is 
maihly''kinetic, and that inside is mainly potential 

164 Dependence of the pitch of a Resonator on 
-its Volume The term F m the expression for the penod 
of vibration of any elastic body is the force of restitution for 
unit displacement In the case of the resonator it is the rise 
of pressure when umt volume of air is introduced Now the 
rise of pressure resulting from the introduction of a given 
volume of air depends on the volume of the resonator, and if the 
volume mtroduced is small, the nse of pressure is inversely 
proportional to the volume Hence it follows that the 
period of the -nbrntions is diiectly proportional to JS 

We have now one method of tumng the resonator to a 
particular note Decre.^e the volume to raise the pitch, 
increase it to lower the pitch This is the reason for the slide 
in'the^second form of resonator in Eig 63 

If the body of the resonator is so large and the mouth so 
small that there is no appreciable kmetic energy inside the 
resonator, the shape of the body is of no consequence Take 
a tunmg-fork and a bottle, and pour water mto the bottle so 
as to alter the volume of the contamed air, until it resounds 
most strongly to the fork If the bottle is tilted, the shape of 
the part containing air is altered, but not its volume, and it 
will be found to give equally good resonance m all positions. 
This IS not true when there is appreciable motion of the air 
inside the body An organ pipe is a resonator, but it will be 
seen m a later chapter that a long narrow pipe and a short 
wide pipe of the same volume have not the same pitch 

The elasticity of all gases is the same except so far as they 
have different values for the ratio of their specific heats,- so 
It does not matter what gas is inside the resonator so long as 
y IS unchanged, as the density of the gas is of no consequ^ce 
where there is no motion At the neck, however, the case is 
different, for here there is maximum motion, and the inertia 
of the movmg gas is proportional to the density of the gas 
We may conclude therefore that the period is proportional to 
the square root of the density of the gas near the mouth. Of 
course, the gas is generally the same at the mouth as inside. 
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but it IS of interest to see that, if the gns could be changed 
inside without changing that at the mouth, the pitch would 
be unchanged 

165 Dependence of the pitch of a Resonator 
’"on the size and shape of its Mouth There is still one 
other feature which affects the pitch, and that is the size and 
shape of the mouth The time taken for an excess of pressure 
inside to drn o out the excess of air plainly depends on the 
size of the mouth The more easily the air escapes, the shorter 
18 the period of vibration If we call the property of the 
mouth in virtue of which it allows the air to escape more 
or less easily its conductivity, we may infer that the greater 
the conductivity, the greater the frequency, or the higher the 
pitch 

The conductivity depends mainly on the size of the hole, 
but also to some extent on its shape The calculation of its 
value IS in most cases beyond the powers of mathematical 
analysis at present 

Rayleigh gives for the frequency of a Resonator 



where a is the velocity of sound in the gas, C is the con- 
ductivity of the opening and S the volume of the resonator 
In this form of the expression for n the density and elasticity 
of the gas do not appear explicitly as they are both involved 
m the factoi a 

^ 166 Resonators with several Mouths It is 

immaterial where the mouth is — there may in fact be several 
mouths without affecting the conclusions at which we have 
ariived C will in this case be the sum of the conductivities 
of the separate channels 

If there are two equal openings so far apart as not to 
interfere with each other, the conductivity is double that of 
either opening separately, and therefore the frequency with 
two equal openings is times that with one opening This 
corresponds to an interval of nearly a hfth If the openings 
are close together the interval will be rather less, for the 
conductivity depends not only on the size and shape of the 
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I 

hole, but also on the ease with which the stream of air can 
spread out when it leaves the hole 

The stream lines for a single hole will be somewhat as 
shewn in ]?ig 64 For two 
holes close together they will 
be as in Fig 65 The stream 
lines on the sides of the holes 
next to each other interfeie 
with each other, and cannot 
spread as freely as in Fig 64 
Consequently the conductivity 
in Fig 65 IS less than twice that in Fig 64, if all the holes 




are of the same size 

This argument can easily be extended to shew that a smgle 
hole of 1 sq in m area has a smaller conductivity than two 
holes each* of ^ sq in area, if the holes are all of the same 
shape , and further that a sheet of ordmary perforated zinc 
has greater conductivity than a sheet with a single hole, 
whose area is equal to the sum of the areas of all the holes in 
the perforated sheet* 

These conclusions as to the conductivity of openings have 
a practical heanng on methods of ventilation, for the ease 
with which the air can escape through a hole or a set of holes 
IS a matter that has often to be considered It is, for 
instance, sometimes useful to know that a long narrow openmg 
has greater conductivity than a circulai or square openmg of 
the same area 


* This statement is not true if the holes in the perforated zinc are 
very small, for m that case the viscosity of the air becomes of importance 
and modifies the result 
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Resonance Box of a Tuning-fork When 
it 18 desired that a tuning-fork 
should emit a loud sound it is 
mounted on a resonator consist- 
ing of a wooden box with one 
end open, the dimensions being 
so chosen that the an contained 
in the box has the same fre- 
quency as the fork The fork 
{done has such a small surface 
that it commumcates very little 
energy to the air, and can only 
be heard when it is held near 
the ear, but when mounted on 
the box the contained air is set 
into resonant vibrations, and 
powerful waves are emitted from 
its mouth It IS evident that a 
folk mounted on such a resonance box cannot vibrate for so long 
a time as when it is merely held in the hand The energy of 
the sound waves comes from the energy of the fork, and when 
the waves are powerful, the diain on the fork is greater than 
when they are weak 

The energy of air-waves is small, yet by virtue of the 
pnnciple of Resonance the waves are able to excite powerful 
vibrations in elastic bodies that have the same natural period 
as themselves This can be shewn ivith two such tuning forks 
on resonance boxes os we haie described Call the forks 
A and £, and suppose they have the same pitch Set A 
vibratmg, and bold it neai £ for a short tune Now stop the 
vibrations of A, and B will be found to be lubrating The 
folk A communicates its vibrations to its resonance box, this 
sends out waves which excite resonance in B’a resonance box, 
the air vibrations in B*a box make the wooden walls vibrate, 
and the vibrations of the walls start the fork B 

There is an old story that some celebrated singer with a 
powerful voice was able to break a wine glass by smgmg to it 
If this really happened, it was no doubt a case of resonance 
A wme glass has a natural period, as is easily shewn by 
tappmg it, when a musical note is given out If this note is 
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sung, the glass -will be set vibrating, and might conceivably 
vibrate to such an extent as to break 

168. Forced Vibrations We return now to the 
case where the periodic force has not the same period as the 
free vibrations of the elastic body on which it acts We have 
already stated that the amphtnde of the vibrations excited 
will not in general be great 

The complete investigation of these forced vibrations is 
too complex to be given here, and only a few general results 
•wiU he stated. 

It can he shewn that if a body whose free vibrations have 
frequency p is acted on by a harmonic force of frequency n, 
the amphtude of the resulting vibrations of the body wdl be 


where k is the coefficient of dampmg of the body, or the 
constant which defines the rate at which the vibrataons die 
away in consequence of viscosity, emission of sound-waves, etc 
when the body is left to itself, and y is a constant which 
defines the intensify of the penoihc force 

We see that the more the force and body differ from each 
other in penod, the greater jr — rP will be, and the smaller the 
amphtude ^wiU be In other words the more nearly the force 
is in tune with the free vibrations of the body, the greater wiU 
he the amphtude of the forced vibrations 

The maximum amphtude is obtamed when p = ji, for then 
— This IS the case of Besonance, which we have 

already discussed at length 

It will be seen that if it were not for the damping there 
would be no hmit to the amphtnde of the resonant vibrations, 
for if j? = 71 and k = 0, we have A infinite 

169. SfiTect of misttmiiig on the intensity of 
Resonance. It is not practicable to get the penod of the 
force exactly equal to the free penod of the body, and the 
question arises whether a given amount of mistuning has 

the same harmful effect on the amphtnde of the resonance in 
all cases. 
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The mathematical mvestigation shews that the effect of 
nustuning depends on the dampmg, or the rate at which the 
free vibrations of the body die away If they die away slowly, 
whether it is in consequence of the great mass of the body or 
the smallness of the frictional forces, the tuning must be close 
to get powerful resonance. The vibrations of a tuning-fork 
held in the fingers die away very slowly, and therefore, if it 
IS attempted to set the fork in vibration by the action of air- 
waves, these waves must have very nearly the same frequency 
as the fork 

On the other hand the vibrations of the air in a resonator 
die away almost immediately the exciting force ceases to act 
Consequently such a resonator gives a considerable amount of 
sound with a fork of a pitch anywhere near the proper pitch 
of the resonator This can be tested with the second of the 
resonators shewn in Fig 63 Tf the volume is gradually 
altered whilst a vibrating fork is held before the month, it will 
be found that there is resonance over a wide range of volume 

It 18 not difficult to see why the closeness of tunmg 
necessary to give strong resonance must depend on the rate of 
damping Bcsononce is due to the cumulative effect of the 
successive impulses If the natural vibrations of the body 
die away quickly, there is httle opportunity foi the effect of 
the impulses to accumulate Suppose, for mstance, that the 
vibration of the body when left to itself would practically 
cease after 10 periods, then the effect of the first impulse 
might be regarded as having disappeared when the eleventh 
was given, and it would only be necessary to tune the force 
to the body so closely that they should lemaiii approximately 
in the same phase for 10 periods in order to obtam almost the 
maximutn amplitude possible If on the other hand the body 
would perform 6000 vibrations before coming to rest, the 
tumng would have to be much closer to give strong resonance. 
If the tuning were only roughlj appioximate the foice would 
come mto a phase opposite to that of the body before the 
effect of the eailier impulses had disappeared, and so would 
neutralize the effect of those earlier impulses In this case 
the period of the force should differ from that of the body by 
less than one part m 10,000 to get approximately the maxi- 
mum resonance 
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♦170. Phase of Forced VibratiojiB The force and 
the resulting forced vibrations ■vnll not in general be in the 
same phase The investigation of the relationship between 
the phases is beyond our scope and nothing more than the 
results of mathematical analysis can be given here 

If 8 IS the difference of phase expressed as an angle, k the 
coefficient of damping, p the frequency of the free vibrations 
of the body, and n the frequem^ of the forc^ then it can be 
shewn that 


tan 8 = 


2x71 

p® — 71? 


From this relation it is seen that the difference of phase 
between the force and the vibration vanes with the amount 
of damping, and with the closeness of the tuning of the force 
to the body If p = n or the force is tuned exactly to the 
free vibrations of the body tan 8 is infinite In this case, 
which IS the case of resonance, the force and the vibrations 
differ in phase by a quarter of a period If is very small 
compared with p, tan 8 is very small, and the force and 
vibration nearly agree in phase This is the case where the 
penod of the force is much greater than the natural penod of 
the body In the opposite case where the body is constrained 
to vibrate much more rapidly than it would vibrate if left free, 
n IS large compared with p, tan 8 is a small negative quantity, 
and the force and vibration therefore differ in phase by nearly 
half a penod We shall see in Chapter IX that Helmholtz 
made use of the dependence of the phase relationship on the 
closeness of tumng in his investigation of the cause of con- 
sonanca 


♦171 Initial stages of Forced Vibrations. We 
have spoken throughout of forced vibrations with the same 
period as the force being the vliimate result of the action of 
the force, but have said httle of the mitial stages The most 
interesting case is that in which the penod of the force is not 
greatly different from the free penod of the body In this 
case the force and the vibrations of the body do not differ 
much in phase during the first few vibrations, and the ampli- 
tude inci-eases as m the case of resonant vibrations, the body 
vibratmg m its own natural penod The phase of the force 
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gradually gets more in front of, or behind that of the vibnir 
tions, and presently the phases become half a penod different 
from each other The force then checks the vibrations, which 
die down, to be increased once more when the phases come 
into coincidence again These variations of amplitude continue 
for some time with a gradually diminishing range, and finally 
disappear, leaving ordy the forced vibrations of constant 
amplitude 

We can see from general considerations that something 
of the kind described will take place During the earlier 
stages of the motion wo may regard the body as performing 
simultaneously two vibrations of different periods. It has its 
own natural vibrations set up in the first few penods of the 
force, and it has also the forced vibrations, which haie the 
same penod as the force. These two sets of vibrations having 
different frequencies will give rises and falls of amplitude 
similar to beats The fiee vibrations, however, are not 
maintained and gradually die away, wlulst the forced 
vibrations have a constant amplitude determined by the 
greater or Jess degree of approximation of the penod of the 
force to the natural penod of the pendulum, and by the 
amount of damping The vanations of amplitude will thus 
disappear gradually, and nothing will be left except the' 
forced vibrations - 

1 / 172 Forced VibrationB used in Musical Instru- 
ments. Forced vibrations play an important part in 
musical instruments We may take the pianoforte as an 
instance The stnngs have so little surface that if they were 
merely attached to an open iron frame, very little sound would 
be heard The air is not compressed before an advancing string 
and rarefied behind a retreating string, but to a great extent 
shps round from front to back of the stnng in time with the 
vibrations The string are therefore fixed on a sound-board 
to which their vibrations are comniumcated, and as the 
board has a large surface, it is able to pass on its vibrations 
to the air 

It should be observed that this is not a case of resonance, 
as the same sound-board has to serve for all the notes of the 
mstrument The sound-board has a small mass and a large 
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coeflacient of damping, and iS therefore able to take up vibra- 
tions over a wide range of pitch If the coefficient of dampi^ 
were small, any notes of the pianoforte that lay near the 
natural tones of the sound-board in pitch would be unduly 
loud The natural tones of the sound-board can be dis- 
tmguished immediately after a note is struck, but they die 
out after 4 or 5 vibrations, and leave only the forced vibrations 

W 1V3 Action of the Sound-Board. The manner in 
\which a string communicates its vibrations to the sound-hoard 
Sometimes presents a difficulty to the student 

Let AB (Fig 67) be a vibrating strmg attached by two 



Fig 67 


pins to the sound-hoard (72), and suppose the string is vibrating 
in the plane of the paper The effect of the motion of the 
string IS to draw the pins a httle towards each other, when 
it IS at the upper and at the lower limit of its swing The 
pins therefore vibrate with half the period of the strmg, and 
it might be thought that the sound-hoard would vibrate with 
the penod of the pins, and give out a note an octave higher 
than that of the stnng The sound-board however follows 
the motion of the stnug When the string is at its upper 
limit, the pins are drawn together, and the sound-boa^ is 
bent into a curve which is concave upwards When the 
strmg moves downwards to its equilibrium position, the 
sound-board straightens agam, and then in consequence of its 
momentum takes the shape of a curve concave downwards 
Meanwhile the stnng is moving below its equilibnum position 
and again drawmg the pins together This ''mcreases the 
bending upwaids of the sound-board, or increases the amph- 
tude of its swing The process is continued, and the penod 
of the vibmtions of the sound-board is thus the same as the 
penod of the vibrations of the strmg, since sound-board and 
stnng are always movmg in opposite directions If by some 
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means the pins ■were made 'to vibra'te in a direction at right 
angles to the plane of the hoard, the pins and hoard would 
have the same period 

The difference between the two cases can be illustrated by 
iblelde’s expenment. 

\} 174 IVEelde’s Experiment A light stnng lias one 
end fixed to the prong of a tuning fork ns shewn m Fig 68 
The other end passes over a pulley and carries a scale pan 



Fig 68 


Set the fork •vibrating, and put weights in the scale-pan 
until the stnng -vibrates in a single segment as shewn in the 
figure. ^ 

Now turn the fork round until its prongs -vibrate in a 
plane at nght angles in the stnng, and the stnng will be 
found to vibrate in two segments. 

In the second case the end JB of the stnng is drawn from 
side to side by the fork, and it is clear that the penod of 
•vibration of the stnng must be the same as that of the fork 
It follows that m the first case, where the -vibrating segment 
IS doable the length of that in the second, the stnng must 
-vibrate -with a penod winch is twice the penod of the fork. 
The explanation is the same as vas given for the action of 
the pins on the sound-board Whilst the prong of the fork 
performs one c. nplete vibration from its extreme left-hand 
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position to its extreta© ng lit? ftH-d back again Ik) its extretne 
left, the stnng moves' onl/f*from its extreme position m one 
direction to its extremp posj^tion in the othei direction The 
stnng executes one coniplets' vibration whilst the fork executes 
two, or the penod of \ ibrAlj ion of the stnng is twice that of 
the fork ' - /, 1 

' /J ; 

17S The Sar. ‘ ./Both forced and resonant vibrations 
probably play a part m ‘i/he mechanism by which the ear 
carnes'sound fiom the extiehnal air to the brain, but the action 
of the ear is not fully uiide, rstood The short external passage 
IS closed at its inner end, b'‘7 a stretched membrane called the 
tympanum Behind thfe t^papanum is a small air-space called 
the middle ear, connected wi'th the back of the mouth by the 
Eustachian tube, and so mai ntained at atmosphenc pressure 
At the inner end of this an -space is the cochlea, a narrow 
tube closed at both ends land f^oiled on itself hke a snail-shell 
A chain of three small bone?’ across the middle ear connects 
the tympanum with a membrAQous window at one end of the 
tube of the cochlea. 


Axr-waves entering tPie/t xtemal passage cause forced 
vibrations in the tympanuf"! 'riiese vibrations are conducted 
by the chain of bones to''the ' i >dow in the cochlea, and thence 
to the fluid contents of the^ / hiea. The cochlea is divided 
m two for almost the whole of its length by a partition. 
This partition is bony for tlip c<’i^ter part of its width, but 
a narrow stnp adjoming the the^ cochlea is membranous 

and IS called the hastlar rn^il 

It IS beheved that the basilai iijpipbrane enables us by its 
resonance to distmguish between' ^ >”udslof different pitches 


The membrane mcreases gradi pHj m width as we pass 
inwards round the coils of the cocm'f^u It is tightly stretched 
across its width but unstretched lofl {HcutHpaUy It may thus 
be compared to a large number of stri^ii^hca strings placed side 
by sid^ the strings varying in lengfA, and perhaps also in 
tension Each narrow strip across the^M^idth of the membrane 
will have a defimte penod vibration, Und voU resound only 
to such vibrations in the hmd of the'’ ^chlea as have that 
penod If then several notes of different', enter the ear 
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simultaneously, each mil excite its* own particular part of the 
membrane, and Jilihs by means o , nerves running from the 
vanous parts of tfie membrane t j the brain we are able to 
distinguish between the sounds If the theory that has been 
^ven 18 correct — it is by no meanU certam that it is so — ^the 
basilar membrane serves as what m\qht be called the acoustical 
equivalent of a spectroscope, in thal*- it resolves complex air- 
vibrations into their simple harmonic constituents 
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QUALITY OF MUSICAL NOTES 

176 Meaning of the term Quality. "VYe meaa by 
Qiuihiy the characteristic which enables us to distinguish a 
note sounded on one instrument from a note of the same 
pitch sounded on another mstmment The instmmente used 
in an orchestra are chosen so as to give lanety of quahty, and 
much of the charm of orchestral music arises from the contrasts 
of sound-quality 

It IS no doubt true that, when bstemng to an orchestra, 
the notes of the instruments are recognized to some extent 
by other characteristics than their quality The percussion 
instruments such as the drum, harp, or pianoforte give notes 
which die away qmckly, whilst the notes of the wind and 
stringed instruments can be mamtamed unchanged m mtensity 
There are slight difference too in the beginning or “attack” 
of the notes Some mstmments begm their notes explosively, 
others reach the desired mtensity by a rapid crescendo The 
mam difference however is in quality. There is no difficulty 
m distinguishing the note of a hautboy, for instance^ from 
that of a flute, or a violm, though the pitch and mtensity are 
the same. 

In Chapter I we were led to surmise that differences of 
qnahty are related to differences m the “ shape ” of the sound- 
waves. "We shall now examme this surmise m detad. 

177. Resolvmg power of the Ear When two or 
more notes of different pitch are soimding together, the 
' vibrations m the air due to each of the notes separately are 
compounded mto a complex vibration. The ear is in general 
able to analyse this complex vibration, and to distinguish the 
separate notes. There is a marked difference between the 
ear and the eye as regards the power of analysmg complex 
vibrations 


a s. 


10 
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Liglit consists of waves m the hypothetical ether, and 
trains of ether waves of different wave-lengths correspond to 
lights of different colour If lights of different colours stnke 
the eye together, they are not distinguished separately, the 
eye sees only some one colour The hght from a Geissler 
tube containing hydrogen, for instance, is known from spectro- 
scopic observations to consist mainly of red, green and blue 
rays, yet the unaided eye sees only a reddish hght Also the 
same effect may be produced on the eye by different mixtures 
of colours 

The eye needs a spectroscope to enable it to decide what 
are the constituents of a beam of hght The ear contains 
within itself the acoustical equivalent of a spectroscope It 
IS able with a little training to distinguish in most cases the 
constituents of a mixture of sounds of different pitch, though, 
as we shall see presently, the analysis may be made easier and 
more certain by the use of mstrumental appliances 

178 Limitations to the resolving power of the 

Bar The above statement as to the analysmg power of the ear 
does not hold when the constituent notes are i ery close to each 
other in pitch In such a case we hear a single bentmg note 
when there are only two constituents, and a confused noise with- 
out definite pitch when there are many Wo miw regard this, 
not as a failuie of the general statement, but a? a case where 
w e are approachmg so near to the limit, where the constituents 
have the same pitch, that the mechanism of the ear is not 
delicate enough to distinguish between them AVe ha\e the 
same apparent failure in optical instruments The hght of 
the glowing vapour of sodium consists mainly of two kinds 
with nearly the same wave-length and colour A small spectro- 
scope shews only a single line m the spectrum — its resolving 
power IS not sufficient to separate the tw o Imes If wo ivish 
to see the two separately, we must use an instrument of 
higher resolving power Similarly the ear has a limited 
resolving power, in that it ceases to be able to appreciate 
separately two notes sounding together, when the intenal 
between the notes is small 

There is a further exception to be made A note must 
have a certam minimum intensity before it can be heard at all 
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in the presence of other notes A note is easily drowned by 
another of lower pitch, but a note of low pitch is not so easily 
drowned by one of high pitch. 

Admitting then the general statement that the ear can 
analyse the complex •vibrations resultmg from the simultaneous 
production of several notes of different pitches, the question 
arises, what kmd of vibration in the air gives the sensation of 
a pure tone, recognized by the ear as having only a single 
definite pitch, and incapable of analysis 1 

179. Ohm’s liaw. The answer to this question is 
given in Ohm’s Law, which states that a Simple Harmonic 
Vibration is the only kind of vibration that gives to the ear 
the sensation of a pure tone 

The law rests to a great extent on our behef that the 
mechanism by which the ear analyses a note is similar to that 
which we find in dead matter A complex note can be 
analysed by refraction or other processes, and in every case 
the analysis is m accordance with Ohm’s Law The con- 
stituents separated out are always simple harmonic vibrations 

The vibrations of a sti etched string provide an experimental 
proof of Ohm’s Law If a string is plucked at a particular 
point, it IS possible to find mathematically the nature of the 
vibrations produced, and to express these vibrations as the 
sum of a number of simple harmonic vibrations, whose periods 
can be calculated 

It IS found that the tones recognized by the ear correspond 
in pitch with the calculated periods H calculation shevre 
that a harmomc constituent of a particular frequency is present 
in the complex vibration, the corresponding note is heard if 
the "nbration is absent, the note is not heard * 

180. Displacement Curves of Complex Vibra- 
tions Musical notes are seldom, if ever, quite pure The 
note of a "tuning-fork mounted on a resonance box is almost a 
pure "tone, as is also the note of a closed organ pipe of vnde 
bore, but the great majority of musical notes are complex, and 
can be analysed into a number of constituents 

Let us suppose that a note contains only two tones an 
octave apart We can find by the method desciibed m 


10—2 



148 


QUALITY OF MUSICAL NOTES 


[OH. IX 


Chapter TV the displacement curve for the complex, vibration, 
if we know the amplitudes and relative phases of the two - 
constituents. 

Suppose the amplitudes and phases are as shewn in the 
two upper curves of Fig 69 Then by adding the ordinates 



Fig 09 


and taking account of their signs in the usual way we get tho 
lowest curve for the displacements of the air when the two 
notes are sounded together 

It will be noticed that the cune is not symmetrical on the 
two sides of the maximum ordinates If, ns usual, ordinates 
measured upwards correspond to displacements of the air 
particle forwards, or in the direction in which the wave travels, 
we see that any particle moves forward quickly and returns 
more slowly 




Neict take two constituents of the same wave-length and 
amplitude as before but with a different relation to each other 
as regards phase Move the second curve of Fig 69 to the 
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right by a quarter of its own wave-length, and we get Fig YO 
The compounded curve is quite different from that of Fig 69 
The curve is now symmetrical on the two sides of its maximum 
ordinate 

In Figs 69 and 70, we have drawn only one complete 
wave m the upper curve This curve may be imagined to be 
continued indefinitely to the right and left, so as to give a 
tram of waves, and similarly the second curve m each set can 
be continued in each direction Whatever the relation of 
then phases may be, one wave of the upper cuive is com- 
pounded with exactly two waves of the second curve, and 
therefore the two curves have the same relation of phase at B 
as they have at A The tram of waves of which AiBi is 
a part will consist of a series of repetitions of A^B^, the tram 
of the second hne will consist of repetitions of A^B^, and 
therefore the compounded tram will consist of a senes of 
repetitions of A^B^ 


181 Periodic Curves A curve which repeats itself 
in this way is called a Penodtc Curve, and the length of the 
projection on the axis of the shortest piece of the cui ve that is 
repeated is the wave-length The wave-lengths of the first 
and third curves are A-^B^ and but the wave-length of 
the second is \A^Bi, since the nghfr-hand half of A ^2 “ ^ 
repetition of the left-hand half Call the wave-length of the 
upper cuive A, then we may state our result thus If a simple 
harmonic curve, or a sine curve of wave-length is superposed 
on a sme curve of wavelength A, the resultant cuive is a 
penodic curve of wave-length A, and this resultant curve has 
different shapes with different relations between the amphtudea 
and phases of the two constituents 

Suppose next we superpose on the curve of wave-length A 
one of wave-length ^ A^^. now contam three waves 


to one m A^B^ We shall again have a variety of curves 
whose shapes depend on the relations between the amphtudes 
and phases of the two constituents, but which will all be 
periodic with a wave-length A. 

Further, the ^ and | curves could be superposed on the 
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A curve at the same time, and we should still have a resultant 
periodic curve of wave-length X 

This process can evidently be earned on indefinitely by 

X X A 

superposing curves of wave-lengths etc, with any 

relative amplitudes and any relations of phase, and we shall 
always get as resultant a penodic curve of wave-length X. 

Thus, it appears that we can get an infinite number of 
trains of waves of different shapes but all of the same wave- 
length by compounding curves with wavelengths X and its 
ahqaot parts Is there any limit to the shapes of curves we 
can get in this way ? Suppose we draw any arbitrary curve. 



Fig 71 


such as that m Eig 71, where the wave-length is ^113 Can 
we build up this curve by compounding sine curves of wave 
length AB and its aliquot parts? 

182 Fourier's Theorem The important theorem 
known as Fourier's Theorem states that wny penodie curve 
whatever of wavelength X can be built up by compounding 

sine curves of wave lengths X, ^ , etc , with tivo limita- 

tions — 

(1) The curve must not overhang anywhere as at ^ in 
Fig 72, and 

(2) It must not have any infinite ordinate as at jB 



If we are dealing only with sound-waves, these limitations 
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do not concern us, for each represents an impossible condition 
in the air or othei medium An overhangmg piece of the 
curve as at ^ would mean that at some such point as G there 
would be two ordinates of different lengths, and this would 
require that a given particle of air could have two different 
displacements at the same moment Limitation (2) clearly 
has no apphcation to sound-waves, for a particle of air cannot 
have an infinite displacement 

Pourier not only shewed that any penodic curve could be 
built up from sine curves, but he also devised a method by which 
the constituents of any periodic curve could be found The 
proof of the theorem and the method of employing it to 
analyse a curve require considerable mathematical attain- 
ments, and nothmg more than general results can be given 
here 


The theorem can be stated in various ways Up to this 
pomt we have treated it as a mere geometrical proposition 
applied to curves, but we have seen that curves can be used 
to give a graphic representation of vibrations, and we can 
therefoie transfer t^e theorem from the curves to the vibrations 
represented by the curves 

If we take our curves to represent the displacements of a 
particle of air, when a tram of waves is passmg over it, we 
may say — since the penod of vibration of the particle is the 
time taken by the train to travel one wave-length, and 
therefore the period is proportional to the wave length — that 
any penodic vibration with a penod t can be represented as 


made up of simple haimonic vibrations of penods t. 


T T 

2' 3 


etc 


These vibrations are what we found for the possible modes 
of vibration of a stretched stnng, when we have 0, 1, 2, 3, etc 
nodes between those at the ends, and they correspond to the 
tones of the harmonic scale given in Pig 31, so that this scale 
now acquires additional importance, for it enables us to state 
Pouner’s Theorem in yet another way, which is the most useful 
for our present purpose 

Any complex musical note, whose frequency is n, may be 
tieated as made up of a senes of pure tones of the harmonic 
scale with fiequencies n, 2n, 3w, etc 
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183 Applications of Fourier’s Theorem The 

j teims needed to build up any given curve may be limited, or 
/ may be infinite in number Any term, including the first 
term of the harmonic senes, may be missing Take for instance 
the case of a complex vibration due to two tones near enough 
in pitch to give beats If the tones are pure they anse from 
harmonic vibrations, and Founer’s Theorem cannot extract 
from the compound vibration anything moi e than is put into 
it Suppose the tMO tones have frequencies 100 and 101, then 
Founer’s analysis giies these two vibrations and nothing more 
How are these to be accounted for as members of the Harmonic 
Series 1 The answer is that they are the 100th and 101st 
terms of the senes, and no other terms are present The 
frequency of the compounded vibration is I, for m one second, 
and not earlier, each of the constituents will have completed 
an exact number of vibrations The fundamental then in this 
case has unit frequency but zero amjilitude 

If we compound two harmonic vibrations whose frequencies 
are incommensurable, such as 100 and lOOv, or 100^2, 
Founer’s Theorem does not apply The compounded vibration 
18 not penodio, as the initial circumstances will never recur, 
and the theorem applies only to penodic vibiations or curves 

“When the complex curve to be analysed has only slight 
curvature everywhere, the lower members of its constituent 
harmonics have lelatively the greatest amplitude When 
there are points on the curve where the curvatuie is great, 
the higher terms become more important, and when the curve 
lias sharp comers, such as those in Fig 71, it can only be 
expressed'by an mfinite number of terms of the senes 

Statmg the same thing in terms of vibrations, we may say 
that the more sudden are the changes of x elocity of a particle 
in the medium, the stronger are the higher constituent 
harmonics as compared with the lower This feature has 
apphcations to the construction and use of musical instruments, 
and will often be referred to in the following chapters 

We need not stop to inquire whether it is possible 
mathematically to build up a complex penodic curve from 
some other fundamental curve than the sine curve, for Ohm’s 
Law tells us that. the _ear analyses notes into simple haimonic 
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constituent and therefore our mathematical analysis must 
follow the same method 

The sine function is by far the simplest penodic function 
with which we are acquamted In many different branches 
of physics Nature’s method of analysis of periodic changes is 
in accordance with Founer’s Theoiem WJienever a pheno- 
menon can be represented by a penodic curve, the theorem 
can be used to analyse the curve, and find what harmonic 
constituents it possesses Uia theorem-is in_con8tant use for 
analysing such phenomena as the prevalence of sunspots and 
magnetic storms, the rise and fall of potential in electrical 
machines, the rise and fall of tades, etc 

184. Nomenclature There is a want of uniformity 
in the teims used by difierent wnters to designate a complex 
note and its constituents We have used the following 
nomenclature up to this pomt, and shall continue to use it 

The complex sound made up of two oi more constituents 
of different pitches is termed a noie, and each of the con- 
stituents IS called a tone A tone is therefore the simplest 
constituent of a sound and is incapable of analysis 

When a body is capable of vibrating freely in several 
different modes, as we have seen to be the case with a stretched 
string, the lowest tone that it is capable of giying is called its 
furulamental, and the others are called overtones The various 
modes of free vibrations of a body are often also called the 
proper modes or naturcd modes of vibration of the body 

The overtones of musical instruments in many cases have 
pitches m accordance with the harmonic senes. Fig 31 In 
such cases the overtones are called Harmome Ovei tones 

The student must be careful not to confuse Overtones with 
Harmonic Overtones The overtones of organ pipes diverge 
more or less from the Harmonic Senes according to the width 
of the pipe, and the overtones of drums, tuning forks, and 
some otl^ instruments bear no relation to the Harmonic 
Senes When it is desired to specify such overtones, they 
are called Inharmonic Overtones 

The constituents into which a penodic vibration is analysed 
by Founers method are generally teimed Harmonics Some 
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writers use the term Partials, or Harmomc PwtImJs for the 
Fourier constituents. 

, 186 Helmholtz’s Theory of Quality Helmholtz 
urns the first to make a full investigation of the causes of the 
difierences between the qualities of the notes given out by 
different instruments, and he stated his conclusion as follows 
The quality of a musical note depends only on the number} 
order, and relative strengths of its harmonic constituents and 
not on their difierences of phase. * 

This IS in accordance with our surmise in Chaptei I that 
quality depends on wave-form, lyit.with the limitation that 
differences of form uhich are caused only by change of the 
phase relations of the constituents do not give differences of 
quality According to Helmholtz’s view, the third cui ves in 
Figs 69 and 70, though different in shape, would correspond 
to the same quality, as they differ only in the relative phases 
of the two constituents 

^ In order to prove his theory Helmholtz first analysed 
expenmeutally the notes of several instruments to find the 
intensity of the various harmonic constituents, and then by 
means of tuning-forks he sounded these constituents together 
with the proper intensities, and found that he reproduced the 
onginal quality 

186 Analysis of Complex Vibrations It is 

possible with a little expenenue to analyse a note mto its 
harmonics to some extent by the unaided ear, but such 
analysis is lendeied difficult from our habit, of disregarding 
the harraomcs of a note, and concentrating our attention on 
the fundamental 

The note of a violin, for instance, consists of the same 
harmonics in much the same proportions wliatevei its pitch, 
and we have accustomed ourselves to fuse together the separate 
sensations due to the various harmonics into a single 
sensation, which we call the quality of the note of a violin , 
separating out only that harmonic which has the lowest pitch, 
and calhng it “ the pitch ” of the complex note 

Some of the harmonics of the note of a pianofoi te can be 
lieaid without much difficulty Strike the note Cj loudly. 
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and hold down the key, so as to keep the damper off the 
strmgs The lowest 7 or 8 harmonics can generally be heaid, 
if the attention is directed to each in turn. The detection of 
a given harmonic is made easiei, if the coi responding key is 
touched gently befoie the note Oi is sounded, so as to prepaie 
the ear foi the note to which its attention is to be directed 
The fifth harmonic e is often heard to be surprisingly stiong, 
when the ear has once isolated it A person with a trained 
musical ear wdl notice that this fifth harmonic of is a 
httle flatter than the e of the pianoforte The notes of 
a pianofoite are tuned to equal temperament, which makes all 
the major thirds a little sharper than the just intonation, us 
wiU be described later The difierence of pitch between the 
two notes is easily detected, if Oj is first sounded strongly, and 
then whilst its key is held down, the e of the pianoforte is 
sounded gently Beats -will then be heard from the want of 
comcidence of pitch between the fifth harmonic of Oj and the 
e of the pianoforte 

The.detection of the harmonics is made easier if resonance 
ifljised Depress gently the key corresponding to one of the 
harmonics of Cj — say G — so as to raise its damper but not 
to sound the note Now sound Oj loudly and hold down its 
key The third harmonic of 0, will cause resonant vibrations 
m the strings of G, and if after a few seconds the finger is 
taken off tlie key C,, the note G will be heard 

Selmholtz analysed the notes of musical instruments with 
the help of the lesonators shewn in Fig 63 He used a set of 
resonators tuned to the harmonics of Bl> "Whilst a trombone, 
foi mstance, was blown to give the note Bb, he held the 
resonators to his ear in turn and lecorded his estimate ofthe 
relative strengths of the various harmonics In the same way 
he found what harmonics are present, and with what intensities, 
in the notes of other instruments 

^The ne\t step was to try to imitate the quality of the note 
of any particulai instiument, by producmg pure tones coi- 
respondmg in pitch and intensity to those found by analysis 
in the note of the instrument, and sounding them together 

187. Electrically maintained Tuning-forks. 

The most comenient way of producing a tone approximately 
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pure IS by holding a tuning-fork of the proper pitch before 
a resonator, and this "was the method employed by Helmholtz, 



but as the vibrations of a tuning-fork soon die away, an 
electncal method was used for maintaining them 

A tuning-fork has attached to the prong B a bent wire 
which just touches the surface of the mercury in the vessel B, 
when the fork is not vibrating The ends of the prongs of the 
fork are between the poles C and D of an electromagnet. 
When the ivire makes contact with the mercury at E, an 
electric curient flows from the battery through the cods of the 
electromagnet, from this to the mercury m E, and so by way 
of the fork back to the battery The electromagnet is thus 
excited by the current, and the prongs of the fork are attracted 
outwards towards the poles, but as soon as the upper prong 
has moved a little way the contact breaks at E, the ciicuit is 
broken, and the magnet loses its magnetism, alloiving the 
prongs to fall back. The circuit is then closed again and the 
prongs of the fork drawn apart as before, and this process is 
repeated contmnally, the fork being thus maintained in a state 
of vibration. 

Whilst the vibration is going on, the spark produced "when 
the current is broken makes a good deal of noise, and so this 
fork cannot be used for our present purpose It will be seen 
that the current in the circmt is interrupted once during each 
vibration of the fork, and this periodic CTrrent can be made 
to drive other folks placed so far from th^mterruptor as to be 
out of hearing ofiihe crackle of the sparp 
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The fort "whose vibrations 'are to be maintained is placed 
"With its prongs between the poles of an electromagnetj and the 
intermittent current produced by the intermptor is passed 
through the cods. The fork will now have a periodic force 
acting on it, and will be made "to execute forc^ vibrations 
"With the period of the force If the natural period of the 
fork IS the same as that of the current, or in other words the 
interruptor fork and the mamtained fork have the same pitch, 
there "wiU be one impulse for each vibration, and by the 
prmciple of resonance the vibrations will soon become large. 



amikrlj, if the mamtained fork baa twice the fcequeaev 
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acting on it, and ho will ba inamtaincd lu acti\o Mbrafion 
This IS a case of tho general principle that a penodic force 
^vlIl produce large vibrations m a liodj on vvliicli it acts, 
provided one of tho harmonic constituents of the force has 
the saino period as one of tho natuml v ibmtions of the body 
Tins pnnciplc should bo specialU noted as it has important 
applications to the theory of musical insti-uincnts 

Tho nialco and break of the current is fairly sudden, 
conscquontlv tho curve bj which it could bo loprcsentcd has 
points of great curvatuio at the make and break From what 
was said before about tho Founor atmljsis of curves with 
great cuivaturc, it follows that a long range of terms of the 
harmonic series w ill be required to express tho jicriodic force, 
and therefore forks with pitches high in tho harmonic Rones 
can be maintained bj it. v 

If tho make and break v\ero quite sudden, and nlvra 3 r 8 
occuired at the same point in tho swing of tho prongs, tho 
intcrniptor fork would not lie maintains in vibmtion, for 
the prong would have tho same force acting on it in ita 
outwanl and inward jounio^s, and over tho same range m 
each, and so would lose ns much cnergj in one half of its 
vibration ns it gained in tho other Both make and break 
howev or are dolaj cd a little b^ tv\ o causas The self-induction 
of the Circuit, whith is considerable on account of tbc presence 
of the electromagnet, causes a spark at tho bre.ik, winch 
prolongs tho current a little , it also jirev cuts the iinincdinlc 
nso of tho current to its full strength at tho make Further, 
tho wire sticks to the mercury at tho hi oak, and draws it up 
a little before the w ire and surface part company, and at the 
make tho surface is not broken and contact made until a 
dimple lias been formed in tho surface The result is that 
the woik done bj the magnetic force while it acts in tho 
direction of motion of tho prong is a little greatei than that 
done while it acts against tho motion, and so, on tho w hole, 
energy is communicated to tho fork 

188 Helmholtz^s Synthesis of Complex Vibra- 
tions Helmholtz used 8 forks tunetl to tho first 8 terms of 
the harmonics of Bl> Behind each fork was a resonator, 
which could bo placed at diQcront distances from tlie fork, so 
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tw to intensify the sound by any desired amount, and each 
resonator had a shuttei by 'which its month could be closed 
(Fig 74) The electromagnets of the 8 forks were all placed 
in senes in the electric circmt of the intermptor fork and so 
all the forks were kept in vibration. 

This method of dnving the forks not only permits the 
noisy spark to be put where it will not be heard, but has the 
further advantage that it ensures the frequencies of the notes 
given out being exactly in the ratios 1, 2, 3, etc If one of the 
forks IS a little out of tune when vibrating fi eely, the current 
forces it into the proper pitch, and the only harm that is done 
IS that the amplitude of its vibrations is not quite so great as 
It would be if the fork were exactly in tune Since a tuning- 
fork "Without a resonator is almost inaudible, veiy little sound 
18 heard when the shutters of all the resonators are closed 

Helmholtz found by analysis with his resonators that the 
note of a particulai organ pipe consisted mainly of three 
members of the harmonic senes, No 1 stiong, No 3 moderate, 
and No 5 weak , the other members being inaudible He 
then tried to build up this note with his forks The shutters 
of aU the resonators were closed except those of Nos 1, 3, and 
0, and th^e thr^ resonators were separately adjusted to such 
distances from their forks as to give tones of the same relative 
intensities as had been found in the analysis of the note of 
the organ pi^ On aUowing the three forks to sound to- 
gether with this adjustment of intensities, it was found that 

chi reproduced veiy 

and wme oAer instruments were imitated The notes of the 

as^S reproduced with so few forks 

fmm quality of these instruments arises 

from the prominence of high harmonics m their notes and 

tovll harmonics lay beyond the range of Helmholtz’s 

Relattou between the quality of a not*, 
this stt offe\5 constituents Slmholtz usS 
the relative phases of*th^^®*^T? between 

lesnlting quahty of uL pioXid the 
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It was stated in Chapter VIII that, if a resonator be put 
slightly out of tune with a fork, the resonance will he 
weakened, and at the same time the phase of the resonator 
vibrations will be altered 

We have seen that the pitch of a resonator can be lowered 
by making the mouth smaller, and this was the method used 
by Helmholtz. He partly closed the mouth of a resonator, 
thus puttmg it out of tune with its fork. This altered the 
phase of the vibiations, and at the same time diminished the 
resonance He then moved the resonator nearer to the fork, 
and so restored the intensity of the sound The harmonic 
correspondmg to this fork had then the same pitch and 
intensity as before, but a different phase in relation to the 
phase of the current. He found that no difference was made 
in the quality of the compound note by altering one or more 
of the constituents in this way, and therefoie concluded that 
the phase of the harmomcs has no effect on the quality 

This conclusion is not accepted by all physicists, and much ^ 
has been wntten on the subject since Helmholtz’s time It 
would perhaps be correct to say that at the present time the 
prevalent opimon is that Helmholtz’s theory is right as a first 
approximation, but that change of relative phase of the 
harmonics of a note is not quite without effect on its quality 

190 Speech Diffei'ences m the quahty of sounds 
play an important part in ordmary speech Consonants are 
m many cases merely methods of begmning and ending vowel 
sounds They are only possmg sounds and not continuous 
The 1 owels on the other hand are musical sounds which can 
be maintained indefinitely 

Take the word had as an instance If in the course of 
a song this word has to be sung on a particular note, and the 
note has to be maintained, say over a semibieve, what happens 
IS as follows At the beginnmg of the semibreve the voice 
begms with a special kind of explosion which represents the 
b It then settles down to the vowd a, and maintams it to 
the end of the semibreve, when the note comes to an end with 
another kind of explosion, which represents the d. Heither 
the sound of h nor that of d can be mamtamed It is only a 
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vowel that can be maintained in singing Consonants are in 
most cases mere noises, whilst vowels ure ‘musical notes 

Moreover, a vdwel mamtams its characteristics so long as 
it 18 maintained It is not necessary to hear the beginning or 
end to decide what vowel it is It is clear then that oui 
recognition o£ any vowel must be due to its quality We 
distmguish between the vowel a and the vowel u in the same 
way as we distinguish between the sound of a violm and that 
of a flute 

191. 'X^e Vocal Organs. The voice is produced by 
forcing air from the lungs thiougli the opening between a pair 
of stretched membranes, each of which is able to cover half of 
the larynx or passage from tbe lungs to the mouth These 
membranes are called the Vocal Cliords, and when not in use 
foi speaking or singing, then free edges are widely separated, 
so as not to interfere with the breathing 



By means of muscles these membranes can be stretched 
and their edges brought together If air is now forced 
between them, their edges are set in vibration, and the air 
issues in a senes of puffs, which give nse to a musical note 


The pitch of the note is varied mainly by altenng the 
tension of the chords, the changes of tension being brought 
about by muscles attached to the larynx The pitch and 
qualjy of the note can probably also be altered by changes m 
the distnbutipn of the mass of the chords On their under 


a s. 
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surface there is a layer of membrane, which can be moicd 
towards or from the edge, thus weighting the vibrating part 
to a greater or less extent, and so altenng the penod and 
nature of the iibi-ations The adjacent edges of the chords 
probably touch each other in the course of each vibrntion, and 
so make the stream of air discontinuous. The result of this 
discontinuity is that Fourier’s analysis gnca a long senes of 
harmonics in the note produced It is possible to ^detect os 
many as 15 or 16 in the note sung by a powerful bass voice 

The sound has to pass through the mouth on its way to 
the outer air, and the mouth and its adjoining canties have 
natural periods of their own Consequently such harmonics 
ns approximate in pitch to any of the natural periods of the 
moutli will be strengthened bj resonance, and the quahtj of 
the note wnll bo altered The pitch of the mouth regarded as 
a resonator can be altered at will, cither by altenng its 
volume, or by altering the size of its opening Changes of 
volume can be brought about either by moving the tongue, 
or by opening the jaws more or less widely, and changes of 
opening by means of the lips It will be seen therefore that 
w e can make changes in the quality of the voice by altermg 
the shape and size of the mouth, and it is by such changes 
that the different vowels are produced 

192. Vowel Theories There are at present two 
theoiics os to the cause of the differences between the vowels, 
each of the theonos having its adherents 

All are agreed that a vowel sound contams a long senes of 
harmonics, some one of which is strengthened by the resonance 
of the mouth In certain cases the mouth cavity is divided 
into two by the arch of the tongue, and in these cases two 
harmonics are strengthened, for each of the parts of the mouth 
cavity has its own natural penod The pomt at issue is 
whether the strengthened tone is fixed in pitch, whatever 
may be the pitch of the note on w hich the vow el is sung, or 
whether it moves up and dowm with the pitch of the note, 
always remaming at the same interval above the fundamental 
The two theones are called the fixed pitch and the relative 
pitch theones respeotn dy Helmholtz behoved the fixed pitch 
theory to be true 
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Taking the vowel o, for instance, as in the word note, he 
found the strongest resonance was always at whose vibra- 
tion number is 466, whatever might be the pitch of the note , 
to which 0 was sung He gives the following scheme for the 
maximum resonance due to the mouth cavity when different 
vouels ai-e sung The vowels are to be given their German 
pronunciation 



UOuOAAE I OtjT 
Fig 76 


According to the fixed„pitch-theory then, the mouth is set 
to a definite shape for each vowel, and retains that shape 
unchanged when a scale is sung This theory is more generally 
held than the relative pitch theory at the present time — at 
least as giving the main cause of the difference between the 
vowels 

The relative jitch theory states that for a given vowel the 
harmonic which is strengthened by the mouth resonance is a 
certam defimte member of the harmomc senes, and so moves 
up and down with the fundamental This view assimilates 
the vowel charactenstic to what we have called the quality of 
the notes of a musical instrument According to this theory 
the quality of the vowel is the same for all pitches of the 
fundamental, as the relative strength of the harmomc con- 
stituents remains the same. Hence if we sing a nsing scale 
on some one vowel, the mouth must be altered at each step 
of the scale, so that its resonance pitch may nse, as the pitch 
of the fundamental rises 

We shall have more to say on the vowel theones when we 
have described the Phonograph 

193. Harmomc constitueiits of the notes of 
Musical Instruments. We shall conclude the chapter 

11—2 
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with a bnef account of the distribution of the harmonics in 
the notes of a few instruments 

The Pianoforte has the second harmonic nearly os strong 
as the fundamental The third, fourth, etc, fall off rapidly 
in intemsity, until above the sixth or seventh the harmonics 
are veiy faint 

The Viohn has a long senes of harmonics fallmg off 
gradually in intensity They fall off somewhat rapidly os far 
as the fourth, and then more slowly 

A Stopped Organ pipe has only the odd harmonics If 
the pipe IS wide the note is practically pure , if it is narrow, 
the third harmonic is strong and the fifth is perceptible. 

An Open Organ pipe has the full senes so far os they 
extend A wide pipe has the octave fairly strong, and one or 
tvs o others perceptible. A naiTow pipe has a senes of gradually 
diminishing intensity as far as the sixth or seventh 

The Flute gives a nearly pure tone. The octave is faintly 
audible, hut no other harmonics can be heard 

The Olannet has the third, fifth and seventh barmofiics 
fairly strong The fourth, sixth and eighth are also very 
faintly audible. 

The Hautboy, the Brass Instruments, and the Human 
Voice are alike in having a full senes of harmonics falhng off 
gradually in intensity, but they differ in the height to which 
the senes extends The note of the French Hom has no 
appreciable harmonics above the sixth, the Trumpet and 
Trombone have harmomes quite perceptible os far as the 
eighth or ninth, whilst the Hautboy and the Human Voice 
extend to the sixteenth or higher before becoming maudible. 



CHAPTER X 


ORGAX PIPES 

Organ pipes may be divided into two mam classes. Flute 
or Flue Pip^ and Beed Pipes, but witbm eacb of these classes 
there are many varieties differmg in shape and material 

194: Action of the mouth of a Flue Pipe, Fig 
77 is a section of a typical Flue Pipe Air tr— — — ^ 

IS bloTPn into the pipe at A It issues from 
the long narrovr slit F m a thin sheet, which 
strikes the sharp edge C of the front of the 
pipe, and sets up vibrations m the body J) 

The pipe may be made of metal or of wood, its ® 

section may be circular or square, and its upper 
end may be open or closed. 

The manner in which the sheet of air excites 
vibrations in the pipe is uncertam, but it is 
probable that somethmg of the following kind 
takes place We shall assume that the pipe is 
closed at the upper end as in the figure 

The sheet normally strikes the ^ge but 
some accidental circumstance^ such as a slight 
movement of the air, may deflect it inwards 
A. pnff of air then enters the pipe and causes 
a condensation, which travels to the closed 
upper end, is reflected ther^ and returns to 
the month The nse of pr^ure resultmg 
from the arrival of the condensation at the t? 
mouth deflects the sheet of air outwards As 
the mouth is to be regarded as an open end, the condensation 
IS now converted by reflection mto a rarefaction, and the 
amount of rarefaction is mcreased by the action of the sheet 
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of air, •which is now blo'wing across the outside of the mouth, 
and by a well-known hjdrodynamical principle lowers the 
pressure mside the pipe'* 

The rarefaction then tra\els to tlie top, and down again to 
the mouth On its amval at the mouth it sucks, so to speak, 
the sheet of air innards, a condensation is produced, and the 
whole process is repeated Thus, if the vibration is once 
started, it will be maintained by the oscillations of the sheet 
of ail, for, wheneier a condensation ainves at the mouth and 
IS converted by reflection mto a rarefaction, the conversion is 
helped by the sheet passing outside the pipe, and similarly 
the change from a rarefaction to a condensation is helped by 
the sheet passing inside the pipe. 

195 Fenod of vibration of a closed pipe The 
account we have given of tlie action of the blast serves also to 
shew that the penod of vibration of a closed pipe is the -time 
taken by a pulse in travelling tw ice up and down the pipe, for 
a pulse starting as a condensation makes two journeys to the 
top and back before starting again os a condensation, or, it is 
only after two journeys that it completes its cycle. 

The distance a wave travels in one penod is one wave-length, 
and therefore the wave length of the tone given out by a closed 
pipe 1 ibrating in the mannei desciibed is four times the length 
of the pipe We shall see presently that the pipe can vibrate 
m other modes, which give a different relation between the 
wave-length and the length of the pipe. The mode we have 
desenbed is that corresponding to the lowest or fundamental 
tone of the pipe 

196 Penod of vibration of an open pipe Let 

us consider next the cose of a pipe which is open at the top as 
well as at the mouth A condensation started at the mouth 
travels to the open top, and is returned thence ns a rarefaction 
On arriving at the mouth it again changes phase, and starts 
its second journey up the pipe as a condensation Thus it 
always starts from the mouth m the same phase, and therefore 

* This phenomenon can be shewn by holding a glass tube with its 
lower end in water, and blowing strongly across its npper end The 
water will nee a little m the tnbe, shewing that the pressure has been 
redneed by the current of air 
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the time it takes to travel from the mouth to the top and back 
IS one period, and the wavedength is twice the length of the 
pipe 

If then we have two pipes of the same length, one open 
and the other closed, the open pipe will give a tone whose 
wave-length is half that of the tone given by the closed pipe, 
or the open pipe will sound an octave higher than the closed 
pipe 

197. Correction for an open end. This result is not 
strictly true We saw in a former chapter that the reflection 
from an open end must be regarded as taking place a little 
way beyond the end, and consequently the open pipe, having 
two open ends, must be regarded as hemg acoustically a little 
longer than the closed pipe, which has only one open end 
Twice the length of the open pipe with its two additions is 
more than one half of four times the length of the closed pipe 
with its one addition, and therefore the open pipe is rather 
less than an octave above the closed pipe Blow an open 
organ pipe and then cover its end The note ivill be heard to 
fall a httle less than an octave 

The addition that has to be made to the length of a pipe 
with an open end is called the correction for ilie open end 
The smaller the bore of the pipe is in propoi tion to the wave- 
length, the smallei is the coirection For the present we 
shall suppose the pipe is narrow and not veiy short, and shall 
neglect the correction 


198. Overtones of flue pipes Another method of 
deducing the mode of vibmtions of pipes may usefully be 
giveu, as it leads more directly to the relations between the 
overtones. We may regard the blast at the mouth as sending 
a tram of waves along the pipe These waves are reflected 
from the other end — open or closed, as the case may be — and 
by the superposition of the reflected tram on the direct tram 
stationary vibrations are produced m the pipe, m the manner 
explained in Chapter IV 

We may then imagme the pipe to enclose any number of 
segments of a tram of stationary waves, suhiect to two con- 
. ditions — 
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(1) An open end must be situated at an antinode, for the 
change of pressure must he a minimum at an open end 

(2) A closed end must be at a node, for there cannot be 
any motion at a closed end 



Pig 78 

Let Fig 78 represent the dis|)lacement curve for a senes 
of stationary waves at two instants. The full curve shews 
the maximum displacements of the vanous particles of air in 
one diiection, and the dotted curve slicws their maximum 
displacements in the opposite dii'ection half a penod later 
Tlie nodes are situated at E, F, 6, H and J and the 
antinodes at A, B, G and B, and anj two consecutive nodes, 
or any two consecutiv'e antinodes, are half a wave-length 
apart As an open pipe must have an antmode at each end, 
we may regard it os enclosing the length AB, or AO, or AJ) of 
the train In the first case it encloses half a wave, in the 
second case a whole wave, in the third case three half waves, 
and so on 


199 Overtones of an open pipe If we are con- 
sidenng the vanous modes of -vibration of an open pipe of 
fixed length, we must imagine the wave length of the tram to 
shrink step by step, so as to allow 1, 2, 3, eto half waves to fill 
the pipe, always beginning and ending at an antinode 


We can now find the wave- 
lengths and modes of vibration 
of the various possible tones of 
the pipe 

The fundamental may he re- 
presented diagrammatically by 
No 1 of Fig 79 There is a node 
m the middle of the pipe, and an 
antinode at each end, and the 
wave length is double the length 
of the pipe, as we saw before 



Fig 79 
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Ad»ttmg that je h-e "-J 

and that «>» ^ ptfa lower notelian 

tOT Sere most Tie at least one node a^Ti 

J If we haTe more than one, as in Iso 2 or ^lo 3, 

the ware-lengfli most be less, and the pitch hlghK 

The mode of vibration that gives the first overtone la 
shewn in Ko 2 Here there are two nodes, each one quarter 

SXkngtbofthepipefroman end 

wave, and therefore the wave-lengtii is one half, and the 
frequency twice what it was for the fundamental 

Similarly the third mode has three nodes, 
m the middle and each of the others one^h of the le^h 
of the pipe from an end The wave-length is one-third and the 
frequency three tunes that of the fundamental 

Evidently this process can he contmned indefinitely, and 
we conclude that an open pipe can give a senes of traes 
whose frcqnencies are proportional to the senes of numbers 
1, 2, 3, 4, etc. — the same senes of tones as’ we found for a 
sf^tched string 


200. Overtones of a closed pipe. The case is 
different for a closed pipe Here the closed end is a node and 
the open end an antmode The 
lowest note for which these 
conditions are fulfilled is one 
for which one quarter wave- 
length fills the pipe as inHo 1 
The next higher note pos- 
sible IS one which takes in the 
park from ^ to -B of Fig 78 ^ 

This mode is shewn in Ho 2 of 
Fig 80 There is a node at Q 
PQ IS half a wave-length and 
QR IS a quaiter of a wave- j'lg so 

length, and therefore the node 

. Q IS one-tlurd of the length of the pipe from the open end. 
Ho 1 contains one quarter-wave and Ho 2 contains three 
quarter-waves, and therefore the second mode has three times 
the frequency of the first 
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The third mode has two nodes m addition to that at the 
closed end One of these nodes is one fifth the length of the 
pipe from the open end The pipe contains five quarter-waves 
and the frequency is five times that of the fundamental 

This process again can be continued indefinitely, and thus 
we see that the possible tones of a closed pipe have fraquencies 
proportional to the senes of odd numbers 1, 3, 6, etc 

201 Experiments on the overtones of pipes An 
open pipe then can give the full senes of harmonics shewn in 
Fig 31 whilst a closed pipe gives only every alternate tone 
beginning w ith the low est 

An ordinary tin whistle is merely an open organ pipe, 
whose length can be altered by uncovering tlie holes in turn 
If all the holes aie kept covered, the first three oi foui tones 
of the senes can be produced without much difficulty Blow 
gently, and the fundamental is heard Blow liardei, and the 
note jumps an octave to the first overtone Blow still harder, 
and the note goes up to a tw elfth above the fundamental 
To shew the ovei tones of a closed pipe a small closed organ 
pipe may bo used The first overtone, a twelfth above the 
fundamental, is easily produced by vigorous blowing The 
ne\t 18 two octaves and a major third above the fundamental 
It will probably be found difficult to blow the pipe hard 
enough to produce tins note It is easier to produce the 
oiertones on a narrow pipe than on a wide one 

The manner in Aihicli the air vibrates in a pipe can be 
illustrated by a spiral spring similar to that described in 
Chapter IV Hang such a spring ^elt]cally, draw doivn its 
lower end slowly, and then release it The coils of the spring 
will execute vibrations similar to the vibrations of the successive 
layers of air m a closed pipe giving its fundamental The 
crpper end of the spimg cori'csponds to tlie closed end of the 
pipe'N\heie there is no motion, and the free end corresponds 
to the opmi end of the pipe Amy one coil of the spring 
describes fisirmomc vibrations, the amplitude of the coil 
situatij^^ts^e free end being the greatest, and that of the 
coil at the nSmd-" end being zero At any moment all the 
cods of tl e spnng are mo\nng in the same direction, either 
closing in on the fixed end, or spreadmg outwards from it. 
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and the velocity of a coil is greater, the farther that cwl is 
from the fixed end 


Any other mode of vibration of a closed or open pipe can 
be lUnstrated by imagining two or more such springs joined 
end to end For an open pipe ^ving its fundamental imagine 
two such springs with their fixed ends joined together, and 
the phases of the vibrations so adjusted that each of the two 
halves has its greatest extension at the same moment In 
this case the state of condensation or rarefaction is the same 
at any moment at points equidistant from the centre of the , 
pipe The student will find it a useful exercise to work out 
one or two other cases m the same way. 

The positions of the nodes and loops in an open pipe can 
be found experimentally by lowenng into an organ pipe witb 
one side made of glass a small paper drum, on which a pinch 
of sand is sprinkled When the drum is anywhere near an 
antmode, the motion of the air makes the sand dance, whilst 
when it IS at a node, the sand does not move By this means 
it can be shewn that, when the pipe is sounding its funda* 
mentel, there is a node at the middle point, and when it is 
ov^blown so as to sound its first overtone, there are two 
nodes, each a quarter of the length of the pipe from an end 
^ seen also that in aU cases the sand is violently 
agitated when the drum is near either end of the pipe. 


20^ The Manometnc Capsule. Konig’s Alano- 

‘I'' of 
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The manometnc capsule consists of a small box divi 
into tivo parts by a tlnn flexible membrane The space 
one side of the membrane has a short tube A, -whicb can^ 
inserted in the wall of the pipe The space on the other si|' 
of the membrane has two openings Through the low 
opening JB gas is admitted, and the upper openmg is provnw 
■with a pmhole burner, where the gas bums with a sm* 
flame § 

If the tube A is inserted near a node of the pipe or, asl 
more usually the case, the left-hand half of the capsule? 
omitted, and the diaphragm forms part of the wall of the pin 
the variations of pressure will make the membiane ■vibraK 
and the flame will rise and fall m time with the "vibratioil 
The dancing of the flame is too rapid to lie detected by t| 
unaided eye, but is easily seen with the help of a revolvii* 
mirror A cubical box has mirrors on its four vertical face) 
and IS made to rotate about a vertical axis The image ( 
the flame seen in the mirror travels so quickly across the fieil 
of "View, that it appears as a band of light If the flume is e 
rest the band is continuous , if it is dancmg, the upper edg 
of the band shews a senes of teeth 

If the capsule is placed at the middle of an open orga 
pipe, which IS giving out its fundamental, the band will she 
teeth, for we have seen that there is a node at the middle of th 
pipe. If now the pipe is blown more strongly so as to giv 
out its next higher tone, the teeth will almost disappeai, for tb 
capsule IS now at an antinode The teeth will not disappea 
completely, for there are always harmonics present, some c 
which have nodes at or near the middle of the pipe. 

203 Methods of tuning flue pipes There ai 
several methods of tuning open pipes One method is t 
make a hole m the side of the pipe near the open end an 
cover this with a flap of lead flxed to tlie pipe by one edg 
If the flap 18 pulled away slightly from the pipe, the pip 
IS virtually shortened, and the pitch is raised 

Another method is to make the upper part of the pip 
slide telescopically over the lower part, so that the length 
be altered 

Many of the flue pipes in an oi^an consist of cy 
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tubes of soft metal These can he tuned hy altering slightly 
the wy-Pi of the opening at the tc^ of the pipe A hollow cone 
of wood pressed over the end closes the opening a httle and 
lowers the pitch A sohd cone pressed into the opening 
enlarges it and raises the pitch. 

Metal pipes often have two flaps standing out, one on each 
side of the mouth If these are hent a httle towards each 
other, the pitch is lowered, and vice versa 

The principle of these last two methods will he understood, 
if the pipe be regarded as a resonator, for we have seen that 
enlarging the mouth of a resonator raises its pitch 

Stopped pipes generally have the upper end closed by 
a tightly fitting plug, and a pipe can be tuned hy pushing the 
plug in or pulhng it out, so as to altei the length 

204 Determination of the correction for the 
open end. "We must return now to the correction for the 
open end of a pipe, and explain in the first place how it has 
been determined, and afterwards how its existence affects the 
pitches of the proper tones of the pipe 

The theoretical determination of the amount that must be 
added to the open end of a pipe to give the effective length 
has hitherto proved to be too difiUcult for mathematicians, 
except in the case of a narrow cyhndrical pipe with an infinitely 
large flange at the end In tins case the correction is found 
to he 82 R, when R, the radius of the pipe, is small compared^ 
with the wave-length 

Unfortunately flanged pipes are of httle practical import- 
ance, and we are compelled to rely on experiment for findmg 
the value of the correction for such pipes as are actually used 
m musical mstruments 

Bayleigh determined the correction for an unflanged pipe 
hy finding the change in the pitch when the flange was removed. 
Two pipes of nearly the same pitch were blown together, one 
of the pipes having a flange which could be removed The 
number of heats per second was counted, first when the flange 
was in position, and next when it was removed. The difference 
between the numbers of heats per second in the two cases is 
the change m frequency caused by the removal of the flange. 
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It 18 clear from what was said of the mouth of resonators 
m Chapter VITI that tho flange must act in tlio direction of 
hindering the free egress of air from the pipe, as it confines 
the stream lines into a smaller space. Hence removing the 
flange has the same efiect as enlarging the mouth of n resonator, 
that 18 to say, it raises the pitch of tho pipe 

The pipe used by Rayleigh had a frequency 242, and it 
appealed that tho effect of tho flange was to reduce the 
fiequoncy by U Rayleigh took tho velocity of sound at 
60’ F to be 1123 ft per sec , the effective length of the pipe 
was therefoie about 28 inches Tho radius was 1 inch 
Thus the coircction duo to the flange is tho same fraction of 
28 in as 1 J is of 242, or about 2 R Since tho correction for 
a flanged end is known to be 82 R, that for tho open end of 
an unflanged pipe is 62 R 


Blaikley determined the correction by immersing tho lower 
part of a thin brass tube in water, and finding tho length of 
the unimmersed part u hen the tube resounded most sti oiigl} 
to a fork of known pitch The water surface forms a closed 
end to tho pipe, and tlieiefore the pipe gives maximum 
resonance when its length with the correction added is 


X „X 

V ^ 4 * 



Blaikley measured tho two shortest lengths of pipe which 
gave resonance Call these and /j, then , for no 

correction is to be added to the liolf-wai o 


from the bottom of the pipe to the node 
in the second mode of iibration 
Also + c = JA, 

4-^. = 2(/, + c) 



Blaikley found 68 R as the mean value 
of the correction 

206 Effect of the correction 
for the open end on the overtones 
If the correction depended only on the 
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■mdfcla of the pipe^ and not on the wavelength of the note _ 
produced* its existence would not affect the relative pitches 
of the natural tones of a pipe The pipe would merely 
have to he raided as longer by an amount c, and’ what 
has been said as to the pitches of the natural tones would 
still hold, each tone bemg a little flatter than it would 
be if no correction w’ere needed 

This IS not generally the case, for the connection vanes 
•with the wave-lengtL It is found that with open pipes of 
"Wide bore the overtones are all shaiper than the harmonics 
of the fundamental, and the divergence is greater for the 
overtones of higher order The effect is less marked ■with 
narrow pipes, and for these the lower proper tones are fairly 
concordant with the hamiomc senes 


206 Effect of the correctioii for the open end 
on the quality. The existence of the correction for tho 
open end has an eff^t on the quahty of organ pipes The 
pipe may be ^garded as a resonator, which is excited by the 
vibrations of the sheet of air at its month These vibiations 
are mamtemed unchanged whilst the pipe is sounding, and 

smS^'IrhS’^^ expressed by tho hamomc 
apprembly to . thTSc .r"l, 

tl.epropero.SiTSta:fSX T 

has proper tones which are n^rlv^ 

harmonic senes, and therefore fall 

force For such a pipe therefoii^th?iL^^® constituents of the 

a considerable number of tb*. in ^senance will extend to 

v.br.t. 00 , aud ”7^ «£ 7 modes A 

of tho aoto of the t constitoente 

fm* of tho ime "Of tto prop« 

a penod^aL . hZZo rf 

Mbration excited IS not in this Ti f f ®outh vibration, the 
m “forced” „to tie o “Z hlf pZ b«t 

proper tone and the Con?o 2 nearer the 

cons^4e^of of the «)rrespondi^^ ^h^^nic 

proper toaes^Wh depart .arhad. 
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from the harmonic senes Such pipes therefore give notes 
which contain feiv harmonics, and these barmomcs are low in 
the senes If a wide closed pipe is blown gently, it gii es a 
note which is almost a pure tone 

The note of a narrow pipe is nch and full, that of a wide 
pipe IS smooth and rather dull 

207 Conical Pipes All the pipes of which we have 
spohen up to this point have been assumed to bo of uniform 
bore throughout their length Conical pipes arc used to some 
extent in musical instruments, and should be mentioned here. 
Their theor 7 is less simple than that of cylindncal pipes 

It has been shewn b 3 ' Helmholtz that a pipe consisting of 
a cone closed at the narrow end has a senes of 
proper tones whose frequencies are in the ratios 
1, 2, 3, etc, or a closed conical pipe has the 
same senes of proper tones as an open cylin- 
dncal pipe 

The hautboy, bassoon and clarinet all consist 
of tubes with a reed at one end, and, ns wo sliall 
see later, the reed end is to be regarded as a 
closed end The hautboy and bassoon haie 
conical tubes w ith the reed at the narrow end 
and theiofore rise an octave when overblown, 
whilst the clannet has a cylindrical tube and 
therefore rises a tw elfth 

208 Reed Pipes We must now pass 
to the second group of organ pipes — the Reed 
Pipes In these the Vibration is caused by a 
tongue of metal, which vibrates in front of an 
opemng m a metal plate, thus allowing a series 
of pufis of air to pass through the opening 

Pig 83 IS a section of one form of reed pipe. 

Air from the bellows of the organ is introduced 
mto the box B through the tube A The pipe 
D IS fixed -with its lower end inside the box 
This end consists of a metal tube with one side 
fiattened, and pierced with a long narrow 
opening at G Over this opening is a rectangular tongue of 



A 
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metal called the reed, fixed at its upper end, but free for the 
rest of its length The tongue is a little largei than the 
opening, so that when pressed down it cuts off completely 
the supply of air to the pipe It is not quite flat, but bent 
outwards a little in a curve, and so, when it is at rest, air can 
pass from the box to the pipe The cuiwature of the reed also 
makes the closing less sudden — ^the reed rolling over the hol^ 
so to speak, and closing it gradually 

209 Free reeds and beating reeds A reed such 
as that described in § 208 is called a heating reed, since at 
each vibration it strikes the plate in which the opening is cut 

There is another kind of reed called a free reed, which is 
shghtly smaller than the opemng, and so does not cut off the 
supply of air so completdy at each vibration as' does the 
beating reed 

Fig 84 shews the two forms of reed The full hne is the 
vibrating tongue and the dotted line is the opemng 




Fig 84 

In the cases where the reeds are associated with pipe^ as 
in the organ, free reeds have been superseded by beating reeds 
almost completely Many modem organs have no pipes with 
fiee reeda When however the reeds aie not associated with 
pipes, as in the harmonium and concertina, free reeds are 
used, since beatmg reeds give too harsh a tone, if they are 
not mellowed by the addition of pipes 

210 Action of the reed The explanation of the 
action of a reed pipe is somewhat similar to that of a flue 
c s 


12 





178 


OEGAN PIPES 


[CH X 

pipe, where the sheet of air might be regarded as resembling 
a reed in some respects, though, as we shall see, there is the 
important difference that the month of a due pipe is an open 
end, whereas a leed pipe must be regaided as closed at the 
reed end 

When a reed pipe is blown, air passes the sides of the reed 
into the opening This causes a condensation to run up to 
the open end of the pipe, and return as a rarefaction 
Meanwhile the reed has been closed by the rush of air, and is 
held closed by the arriial of the rarefaction. Consequently 
the pulse is still a rarefaction when it starts on its second 
journey It travels to the open end, changes sign, and returns 
to the reed end as a condensation, where its pressure added to 
the elasticity of the metal tongue causes the I'eed to open, and 
the whole process is repeated Thus we see that the penod 
of vibration is the time taken by the pulse m travellmg four 
times the length of the pipe, or the wave-length is four times 
the length of the pipe 

We have used this somewhat artificial explanation once 
more, because it shews why the reed end is to be regarded as 
a closed end, in spite of the fact that it is at this end that the 
air and the energy enter the pipe 

The reed is always closed when it is at a centie of 
rarefaction, and to a great extent because it is at a centre 
of rarefaction. It is always open when it is at a centre of 
compression, but it does not then behave as an open end, for 
the moment it opens it admits a stieam of air at high pressure, 
which increases the condensation already existmg 

211 Effect of the reed on the pitch of the pipe 

When the reed is very flexible, like the thm cane reed of 
a clannet, the note produced depends solely on the length of the 
, pipe, the reed being constrained to vibrate m unison with the 
pipe. If the reed were sufficiently stiff and heavy, it would 
force the vibrations of the pipe, and the pitch of the note 
would depend solely on the natural period of the reed The 
reeds used in organ pipes are of thin metal, and there is 
reciprocal constramt The reed forces the vibrations of the 
pipe, and the pipe modifies the natural period of the reed It 
18 necessary in practice that the reed and the pipe should have 
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neailv the same pitch, for, if this were not the case, the note 
would have a poor quality, and the pipe would not " speak ” 
readily, that is to say, it would not begin to sound the 
moment the air was admitted. 

212. Method of tuning a reed pipe A reed pipe 
is tuned, not hy altering the length of the pipe, but by altering 
the free period of the reed A wire E passes through the top 
of the box B (iig 83), and its bent end presses against the 
reed, so that the part of the reed from its upper end to 
the place where it is touched by the wire is held against the 
seating, and only the part below the wire can vibrate. Hence, 
if the wire is pulled up, the reed is lengthened, and the pitch 
lowered, and "vice versa The reed is able to control the pipe 
within the range required for ordinary tuning, but if it is 
shortened by a considerable amount, the note jumps to a 
pitch somewhere near one of the higher proper tones of the 
pipe. 

The reeds could, if desired, be used without pipe% and, as 
we have said, free reeds are so used in the harmonium The 
chief reason for adding the pipe is that the tone is thereby 
greatly improved and strengthened A beating reed alone 
gives a note of harsh and unpleasant quahty from the strength 
of Its high harmonics. "When a pipe is added, such har- 
monics of the reed as fall near proper tones of the pipe are 
strengthened, and the others are unaffected. If the pipe is 
not very narrow, it is mainly the lower harmomcs that are 
strengthened, and the note is therefore made less piercing and 
disagreeable. 

The higher harmomcs are always present to a greater or 
less extent, and are the cause of the characteristic penetrating 
quality of reed pipes 

213. Bffect of temperature on Organ Pipes 
Flue Pipes and Heed Pipes are both altered in pitch by 
change of temperature, but to a different extent 

«Rise of temperature affects a flue pipe in two ways The 
pipe gets a little larger from the expansion of the wood or 
metal of which it is made, and the density of the air within 
it is diminished. The mcrease of size of the pipe is so small as 

12—2 
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to have no appreciable effect on the pitch, hut the change in 
the density of the nit alters the pitch by an amount that is 
quite perceptible 

We saw that the velocity of sound m a gas is proportional 
to the square root of the absolute temperature, and the 
frequency of the Mbrations of a pipe is vj\, where A. is constant, 
being twice or four times the length ot the pipe accordmg as 
it IS open or stopped The frequency of the pipe is therefore 
pioportional to the square root of the absolute temperature 
Let us suppose the tempeiature of the organ rises from 
60” P to 76” P in the course of a performance. If then a flue 
pipe has a frequency 612 at 60”, it will have a frequeucj' 

612, or 619, at 76” This is nearly a quarter of 
^/459 +60 ^ ^ 

a semitone sharper 


The pitch of a raed pipe is dependent on the pitch of the 
reed as well os on that of the pipe, and these are altered m 
opposite diiections by nse of temperature The reed becomes 
a Uttle softer and therefore flatter, whilst the pipe becomes 
sharper The effect on the reed is m general less than that 
on the pipe, and therefore the pitch on the whole rises, though 
to a less extent than the pitch of the flue pipes It follows 
that the different sections of an organ can be accurately in 
tune with each other only at one temperature 



CHAPTER XI 

RODS, PLATES AND BELLS 

We shall conclude the discussion of the vibrations of 
diffei ent classes of bodies with a bnef account of the modes of 
vibration in several miscellaneous cases Some of these have 
only a theoretical inteiest, and neaily all require advanced 
mathematics for their complete investigation 

214 Longitudinal vibrations of Rods Elastic 
rods can vibrate in many different ways The vibrations may 
be longitudinal, transverse, oi torsional , the ends of the rods 
may be fixed, supported, or free , and the rods may be of any 
section Only a few of the possible modes need be mentioned 

The longitudinal vibrations of a rod are closely analogous 
to those of the column of air in an organ pipe The fixed end 
of the rod corresponds to the closed end of a pipe or'Tjo a 
ppde, and the free_end corresponds to an open end of a pipe 
oi to an antinode We may have waves of compression and 
raief action running along the rod, and stationary vibrations 
produced by their reflection at the end, exactly as we had in 
the case of a column of air The chief difierence between the 
two cases is that the rod needs no correction corresponding to 
the correction for the open end of the pipe. 

The velocity of waves in a rod is expressed by the usual 

y 'E 

where E is the elastic constant and D the 

inertia term involved m the particular kind of wave that is 
being considered In the case of longitudmal waves E is 
Young’s Modulus, and D is the density of the matenal of 
which the rod is made Tlie formula shews that the velocity 
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IS independent of the tension in the cases where the rod is 
fixed at both ends and stretched It is also independent 
of the thickness, provided the material remams the same 

i Doubhng the cross section doubles the inertia of any layer, 
but it also doubles the forces of restitution, and so leaves the 
velocity unchanged 

215 Longitudinal vibrations of a rod fixed at 
both ends The longitudinal vibrations m a rod fixed at 
both ends are not analogous to the vibrations of the complete 
column of air in any organ pipe, for a pipe cannot have both 
ends closed They resemble the vibrations of the column 
bounded by two nodes m one of the higher modes of a pipe 
They are easAy^nduced in a wire 6 or 8 feet long, hnnly 
fixed at its two ends, and provided with some appliance by 
which it can be drawn tight If such a wire is rubbed near 
its middle with a piece of leather dusted with resm, it will 
give its fundamental tone 

If the wiie IS held at its middle point between the fingei 
and thumb, and one of the halves is rubbed, the note produced 
will be an octave higher than before 

It IS needless to entei into details of the various possible 
modes of vibration The fixed ends are always nodes, and 
there may be any number of nodes between them It follows 
as m the case of the transverse vibrations of a string that the 
natural tones must form the full harmomc senes 

216 Longitudinal vibrations of a rod fixed at 

one end A rod fixed at one end has modes of vibration 
similar to those of the an in a closed pipa The fixed end of 
the rod is always a node, and the free end an antmode The 
natural tones of the ixid have frequencies proportional to the 
odd numbers 1, 3, 5, etc , and the positions of the node foi 
each tone is the same as for the corresponding tone of a closed 
pipe The tones are easily produced by rubbmg -with resmed 
leather a thm metal lod clamped in a vice at one end 

217 Longitudinal vibrations of a rod free at 
both ends The longitudinal vibrations of a rod free at 
both ends are analogous to the vibrations in an open organ 



214 - 218 ] 


BODS, PLATES AND BELLS 


183 


pipe. They have a special interest from their being the kind 
of vibrations used in Elundt’s apparatus to be descnbed in 
Chapter XII Hold a glass rod or tube five to six feet long 
at its middle, and rub it length-ways near the end with a piece 
of wet fianneL The fundamental tone of the rod -will be 
pioduced without much difficulty The point held m the 
hand is a node, and the two free ends are antinodes, and 
therefore the wave-length in the glass is twice the length of 
the lod In order to produce the first overtone hold the rod 
one quarter of its length from one end, and rub the shorter 
section. We have now two nodes, each a quarter of the rod’s 
length* from an end, and the note produced is an octave higher 
than the fundamental It is theoretically possible -to produce 
the full senes of harmonics, but difficult in practice to get 
anything abo\e the second with a rod of reasonable length 
The tones produced are very powerful They are occasionally 
so powerful as to shatter the glass 

The student should avoid making the mistake of supposing 
that the wave-length ^n avr is, for instance, four times the 
length of the rod, when a rod fixed at one end gives out its 
fundamental When we spoke of organ pipes we assumed 
that the -vibrating substance was the same inside and outside 
the pipe, and the wave-length was the same inside and outside 
With rods the case is different The period of vibration of 
the rod is the same as the period of the -vibrations produced 
by it m the air, but the wave-length is different It is e-vident 
from the equation ur = X that, if t is the same for the rod and 
the air, the wave-length in the rod is to the wave-length in air, 
as the velocity of waves m the rod is to their velocity m air 
The velocity of sound m an iron rod is about 15 times as 
great as in air, and therefore an iron rod 4 ft long fixed at 
one end would produce air waves a little over a foot in 
length 

218 Transverse vibrations of rods. There are 
many modes m which a rod can vibrate transversely, accordmg 
to the way in which it is supported It may have one or 
both ends free, one or both ends firmly fixed, or both ends 
restmg on supports When both ends are free it may be 
supported or fixed at one or more intermediate points 
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If both ends are supported, the rod tekes a form snob as 
No 1 of Fig 85, \\bere it 
can change its direction at 
the ends* 

If both ends are fixed, it 
takes the form of No 2, 
where the direction of the 
ends cannot change The 
elastic forces resistmg bend- 
ing are clearly greater in the 
second case, and therefore 
the pitch IS higher, if the two 
rods are of the same length 
and thickness 

Only two cases of transverse ^ ibrations need he considered, 
namely, that in m hich one end is fixed and tlie other free, and 
that in which both ends are free, the rod being supported at 
two intermediate nodes The former, w hich we may term a 
fixed-free vibration, is the more important 

219 Transverse vibrations of a rod fixed at 
one end Tlie tongues of leeds the vibrators of musical 
boxes, and the piongs of tuning forks may be regarded ns 
fixed-free rods 

The first three modes of vibration of a fixed-free rod are 
shewn in Fig 86, where A, B, 
and C are nodes The modes 
of ^^bratlon bear some re- 
semblance to those of a closed 
pipe, but there are important 
differences The natural tones 
of a closed pipe have fre- 
quencies in the ratio 13 5 
etc , whilst those of a fixed- 
free rod do not follow the 
harmonic senes, but rise in 
pitch much more rapidly The 

* The rod could not be made to vibrate with its ends supported as 
shewn in the figure unless the ampbtude were small If it were large 
the rod would jump ofi its supports 




Fig 85 
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relative frequencies for the first three modes are approximately 
1 , 6 }, 17 ^ 

The nodes too are not m the same positions as in a closed 
pipe The node m the second mode is a little more than 
a fifth of the length of the rod from the free end , those in the 
third mode are about one eighth and one half respectively 
The length BC is not the same as CD, though the two segments 
have, of course, the same period The reason is that at D the 
direction of the rod is fixed, whilst at B and G the direction ' 
can change The greater length of CD compensates the 
greater elastic forces due to the constramt at T> 

The vibrations are easily produced in a lusible form in 
a stout brass or steel wire fixed in a nee at its lower end 
The wire should be of such a length that the vibrations m the 
first mode are qmte slow — say one a second — otherwise those in 
the higher modes vnll not he easily seen In ordei to produce 
the second mode hold the wire between the finger and thumb 
about one fifth of the length from the top, and pluck below 
the hand Ihe vibrations will be seen to continue in this 
mode when the fingers are removed The third mode can be 
produced in a similar way 

The frequencies of the fundamentals of rods of the same 
thick^s and material but different lengths are inversely 
proportional to the squares of the lengths ^ 

Bods of the same length and of rectangular section the 
'■“"S P-M to o„f of the M 



° ft,"®"* ^ 

If the t-hX:” ponod le unelterert 

mertaa 18 doubled but the rfaoh ^ ^bratiou la doubled, the 
and therefore tbe^od 18 ^^”““ ““ “Sk^old, 

then Xt It will be aeen 

«e«itpenod8o,vib,abol“;:rtrrj4ttt™bri^^ 
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to each other If the free end is drawn aside in a direction 
not parallel to either of the sides of the rectangle, and is then 
released, both Mbrations will be executed simultaneously, and 
the motion of the free end will bo that got by compounding 
the two If the dimensions of the lod are such that the 
penods of the two vibiations bear a simple ratio to each other, 
the free end will describe one of Lissajous’ ^Figures Such 
a rod with a small bright bend fixed to the free end to permit 
the figure to be seen is known as Wheatstone’s Kaleidoplione 

The Kaleidophone as inoie commonly constructed consists 
of two thin strips of steel joined end to end, the plane of one 
of tlie strips being at right angles to that of the other One 
end of the Kaleidophone so foimed is clamped in a vice 
Each strip then luhiates only in a direction at right angles to 
its own plane and the vibration of the free end is compounded 
of the vibrations due to the two parts separately The 
advantage of this form of the instrument is that the period of 
vibration of the lower strip can be vniicd by clamping the 
strip at different points and so alteimg its length It is tlius 
possible to vary the ratio of the frequencies of the two 
component vibrations and to pioduce several of Lissajous’ 
Figures with the same instiument. 

221 The musical box The vibrator of a musical 
box consists of a comb out from a steel plate Tlio teeth of 
the comb form a senes of faxed-free rods, and are graduated in 
length so as to give a musical scale. The teeth are sot vibrating 
by small pins hxed in the surface of a revolving drum in such 
positions that they pluck the ends of the rods at the proper 
moments 

222 Method of tuning a rod The pitch of a fixed- 
free lod can be adjusted by scraping If a little is scraped 
off near the fiee end, the inertia is diminished, whilst little 
change is made in the elastic forces, and therefore tlie pitch 
IS raised If the rod is scraped neai the fixed end, the elastic 
forces are weakened ivithout much change in the inertia, as 
there is httle motion at this part of the lOcl, and theiofore 
the pitch IS lowered The free reeds of harmoniums are fixed- 
free rods, and they are tuned by scraping away the metal at 
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the free end or the base, according as it is desired to raise or 
lower the pitch 


223. Transverse vibrations of a rod &ee at both 
ends A rod free at both ends 
takes the forms shewn in Fig 
87 when it gives out its fundar 
mental A and B are nodes, pjg 97 

and the bar may be supported 

at these points by wedges of some soft material such as india- 
rubber or felt without interference with the vibrations Bach 
node is 22 I from an end, where I is the length of the rod 
The higher modes have 3, 4, 5, etc nodes, and the fre- 
quencies of the vibrations in the various modes bear no simple 
relation to those of the harmonic senes 

Bars free at both ends are used in the harmonicon The 
bars consist of flat stnps of glass, metal, or wood cut to such 
lengths as wdl give the musical scale The lengths are 
inversely proportional to the square roots of the required 
frequencies. The stnps are supported at their nodes on 
stnngs, or on strips of wood covered with felt, and are made 
to vibrate by being struck with a hammer 



224 The tuiimg*forl£. The tuning-fork may be 
regarded as two fixed-free rods on the same base It is an 
mstrunientof the greatest value in acoustical expenments from 
its constancy as a standard of pitch It is little affected by 
external conditions, and if kept free from rust, and not 
subjected to excessive ill treatment, it returns its pitch for 
years without appreciable change The only correction needed 
IS for change of temperature, and this is so small as to be 
negligible for ordinary purposes A nse of temperature 
increases the size of the fork and diminishes its elasticity, but 
the latter change has much the greater effect on the pitch 
It IS found that the frequency of a fork diminishes by one ten 
thousandth of its amount for a nse of one Centigrade degree 
Hence it would require a nse of 20“ 0 or 36“ F to lower the 
frequency from 512 to 511 

The overtones of a fork do not belong to the harmonic 
senes Their pitch depends on the shape of the fork, but 
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they are always much higher than the fundamental The 
first IS 2 to 3 octaves, and the second 4 to 6 octaves above 
the fundamental They are usually audible for only a few 
seconds after the fork is struck, as they die away more 
quickly than the fundamental 

A fork mounted on a resonance box gives a note that is 
practically a pure tone The box, like the fork, has a senes 
of natural tones, but m general none of the tones of the box 
lie near the tones of the fork except the fundamental, and 
therefore only the fundamental is strengthened 

A tuning-fork is sometimes regarded, not as two fixed-free 
rods, but as a single free-free rod bent at it^ middle This 
second way of regardmg the vibrations is useful, as it gives a 
clearer idea of the manner in which 
the vibrations m the fork cause 
vibrations in the resonance box 
Fig 88 shews three stages in the 
bending of a straight rod mto a 
fork There are two nodes in each 
case, those in the fork being at the 
base of the prongs It will be seen 
on considering the successive stages 
that the short piece between the 
nodes at the base of the fork vibrates 
up and down, when the prongs 
vibrate outwards and mwardb, and 
the up and down motion is com- 
municated to the top of the reson- 
ance box, and so to the air 

The method of tunmg a fork is similar to that used for 
tunmg reeds. The prongs are filed near their free ends to 
raise the pitch, and near their bases to lower the pitch, as was 
explained in § 37 

225 The Triangle The Triangle used in orchestras 
IS a steel rod bent into a shape convenient for suspending and 
striking It 18 struck with a steel rod, and its note contains 
a multitude of powerful constituents lying so close too'ether 
that no definite pitch can be recognized It is an eirtreme 



Fig 88 
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case of the quality of note that is called ** metallic/’ if indeed 
it can he said to give a note 

226. Vibrations of Plates Chladni’s Figures 

The vibrations of flat plates have not much practical im- 
portance, hut they are tendered interesting by the simplicity 
and beauty of the method devised by Ghladni for shewmg the 
nodal lines in the various modes of vibration 


The plates^ used for producing Chladm’s Figures may be 
square or round, and may be fixed at any pomt We shall take 
as an illustration a square plate fixed at its centre The plate 
IS generally of glass or brass, 12 to 15 inches square, and is 
held firmly at its centre by a screw passing thiough a hole in 
the plate, or by a clamp It should be of the same thickness 
everywhere, as otherwise the figures produced will be irregular 
Most plates shew some irregularities, and these may be ascribed 
to irregularities in the thickness or elasticity of the plate 


Scatter a very little fine sand evenly over the plate, hold 
the point A at the centre of one side 
with the finger and thninb, and apply a 
violm bow near the comer B The plate .j 2 

will then give ont the lowest note it is 

capable pf producing, and the sand will 

gather along two diameters parallel to 

the sides of the square. 3 4 

Some practice is needed to produce 

the notes easdy The how should he 4 

held nearly vertical, and pressed fairly 

firmly against the plate. It should not 

be in contact with the plate at the moment of changing from 

an up rtroke to a down stroke In each stroke get the bow 

m motion before it touches the plate, and remove it before 

It comes to rest for the next stroke 

sand mark the Imes on the plate which remain 
at res^ or the nodal Imes The quarters of the plate vibrate 
in such a way that when 1 is coming up, 2 is going down 4 is 

Si sections dmded from eaob other by 

^ opposite directions tS 
hue clearly could not be a node, if this w ere not the ^e 


Fig 89 
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In the case v?e are considering 1 and 4 move together, 
and 2 and 3 move togethei, but m the opposite direction to 

1 and 4 If then 1 and 4 are at any moment moving 
upwards and sending out a condensation, 2 and 3 must be 
moving downwards and sending out a larefaction The waves 
from the different quaiters must therefore mterfere to some 
extent This can be proved by holding a card over each of 

2 and 3 whilst the plate is vibrating, when the sound will be 
heaid to be strengthened 




Fig 90 


The next higher note that can be produced gives the figure 
No 1 of Fig 90 Hold the plate at a corner and bow at the 
centre of one side to produce this figure Nos 2 and 3 are 
two other patterns that are easily produced In each case 
bow at the centre of a side, and hold the plate at the pomt 
a where a nodal hne meets that side 

Circular plates fixed at the centre give two classes of nodal 
lines The first class consists of radial lines dividing the 
plate mto an even number of sectors, and the second consists 
of circles concentric with the plate The nodal ciicles are 
most easily produced, if the plate is not fixed at the centre, 
but supported on three small cones of wood placed so as to he 
on a nodal circle, and is then tapped at the centre with a soft 
hammer When there is only one nodal circle, it is about 
two thuds of the radius fiom the centre 

227 Vibrations of Bells Bells have modes of 
vibmtion somewhat similar to those of circular plates The 
nodal lines are of two classes, radial Imes runmng fiom the 
point of support of the bell to its edge, and dividing it mto an 
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Jjst OS consider the mode tb t,odai circle® This is 

lures from tbe sammit to f ® to^e^afcthe bell can 

lire mode corresponding to the deepest vone tn 

pveont the b»Ilirben It is vibrating 

of the Dodel hies 

nr tins mode. A B, 0, ^ are ,-here the run 

Betvreen tiiese pomts th^ are „ m^njenfc it is outside 

vibrates rapidly in and ont ^ Fand S. 

its normal position at S and Chladni’s 

Sis IS a ^ilar statement to that 
Bgutes On cro^g a node the direction of mo 
displacement are reversed- 


F 



It IS evident that the blo^ of the clapper is suited to set 
up this form of vibration, but it can also be prodnced in 
another way 

When for a moment the bell has the shape m which the 
segment AB is inside its normal position the length of rim 
b^een A and B must be less than that between A and L , 
and a little later, when the segment JD is inside its normal 
position, and the segment AB is outside, the segment AB will 
be longer than AD. It follows that during each Tibration 
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a Iittlo of tho nm is transferred through A from the segment 
AD to the segment AD and hneh again, or there is a tangential 
vibration of tho nm at each of the nodes A, D, G, D We 
might say tliat this tangential vibration has nodes at J5, F, G, 
H and antmodes at A, % C, D, but we must not treat it ns a 
separate mode, for wo cannot hnae it apart fiom the radial 
vibmtion If wo start the tangential vibration, it must of 
necessity be accompanied by tlio ladial vibration 

The iiell-knonn method of making a wine glass sing by 
drawing a wet finger round its edge is an instance of this 
Tho motion of the finger excites tangential vibrations, and 
these give nso to radial vibrations Tins is easily seen by 
partly filling tho glass with vvatei, when the surface is seen to 
bo disturbed at four points at equal distances from c icb other 
round tho circumference. 'I hcsc points of greatest disturbance 
are tho antmodes of tlio radial vibrations They follow tlio 
finger lound the glass, since tho linger is always at a point of 
niaumura tangential motion, and thcicforc always half way 
between two points of maximum disturbance of the water 

The note of a boll contains many and pow erful constituents, 
which may or may not bo hai moiiious with the mam tone, and 
tho art of the bell founder is laigcly devoted to finding by 
experiment the shape of bell which brings the moio important 
constituents into harmonic relations with each other, ns this 
conduces to sweetness of tone 

The best bells of tho present day have tho notes shewn in 
Fig 92 as the most pioimnent constituents, 
assuming tho note of the boll to bo C 

Bells are an exception to the general rule 
that the lowest tone present is tliat which 
charactenres tho pitch as a w hole Tho pitch 
of tho bell whoso mam constituent tones are 
shewn in Fig 92 would not be taken to be the 
pitcli of No 1 but of No 2 Tho tone No 1 
IS called by bell founders the Hum Note It 
IS more persistent than the others, and is often heard alone os 
the sound dies away No 3 is generally strong, and con- 
sequently a chord of a major third or a majoi tenth sounds 
bad when played on two bells The second or the first tone 
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of the bell of higher pitch is then a semitone above the third 
tone of the lower bell, and an unpleasant effect is produced by 
the clashing of the two tones with each other A minor 
third or minor tenth la much better 

Bells are not generally accurately in tune when first cast 
The maker puts them in tune and brings the subordinate 
tones into consonance with the mam tone by placing the bells 
on a lathe and turning metal from the inside Experience 
alone can shew from what part the metal must be taken to 
have the desired effect. 

228 Vibrations of stretched membranes A 

stretched membrane, such as the head of a drum, can vibrate 
in various inodes somewhat similar to those of a plate It is 
not necessary to enter into any details of the modes and nodal 
lines, as they are of no practical consequence The great 
drum and side drums give mere noises, and are used oiSy to 
accentuate the rhythm of the music Orchestral drums have 
round their cucumference a number of screws by which the 
parchment forming the drum head can be tightened and the 
pitch altered 

♦229 The Method of Dimensions. We shall con- 
clude the discussion of the modes of vibiation of different 
classes of elastic bodies by giving the proof of an important 
law which holds for vibrations of any type 

If two elastic bodies made of the same material and 
performing vibrations of the same type have the same shape, 
and differ only m size, their periods of vibration will be 
pioportional to their linear dimensions 

The theorem is most readily proved by what is known as 
the method of dimensions Assuming that the proportions of 
the body remain the same whatever its size may be, the penod 
of vibration may depend on any linear dimension I, the density 
of the matenal p, and the elastic coefficient of the matenal e 
The pOTod^then can be expressed as a function of Z, p, and e 
and this function can in general be expanded into a senes! 
which we may represent by where ^ is a numencal 

constant The equation must be homogeneous, 

that is to say, every term must be of the same dim^sions m 
c s 


13 
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mass, lehgtli and time If this were not tlio case, a change in 
the size of the fundamental units ns, for instance, the change 
from a foot to an inch as the unit of length, Mould render the 
two Bides of the equation unequal On one side of the equation 
we have only t, which is a time, and has the dimensions T 
On the other side 2 is a length and has dimensions L, and p is 

the mass of unit volume with dimensions ^ Theio are two 

If 

fundamental coefficients of elasticity, either or both of which 
may be involved according to the type of iibration The 
coefficient of volume elasticity is, ns we saw in Chajiter V, of 

the form 8p — — and has therefore the dimensions of a picssuie 

V 


or 


M 
LT^ 
unit of 

— angle, whence its dimensions are also 


The coefficient of rigidity is the shearing force per 
area which gives the unit angle 


or 


area 
we have 


in the 


expression for 
dimensions of the form X® 


T a senes 


of slieai, 

— Hence 
of terms with 


mm 


or J/r+s y-as, 


where a, y and a must be so related that the dimension of 
each term of the senes is S’ We have therefore, equating 
the indices of the units of length, mass and time rcspectii oly 
on the two sides of the equation, 


0 = a;-3y-c, 

0 = y+2^ 

1 = - 2 «, 

which give «=!, y~^, ~=— ^ as the only possible set of 
values that will satisfy the conditions, and the senes reduces 

to the single term Al W 2. We see then that the penod of 

vibration is 'proportional to the square loot of the density of 
the body, and inversely proportional to the square root of the 
coefficient of elasticity — two conclusions which we reached by 
another method in Chapter II We have also the result that 
the period is proportional to the hnear dimensions If we 
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have, for instance, two tuning-forks •winch aie geometrically 
similar in shape, and are made of the same matenal, but one 
IS double the size of the other, the larger fork will be an octave 
lower than the smaller in pitch. Similarly if two spherical 
Helmholtz Hesonators are so made that one has double the 
diameter of the other, and has also a mouth of double the 
diametei, the larger will resound to a note an octave lower 
than that to which the smaller resounds 


13—2 



CHAPTER XII 


ACOUSTICAL MEASUEEMENTS 

In tlie preceding chapters we have described a few such 
methods of measurement as fell naturally into the line of our 
argument In the present chapter we shall gather together a 
number of other methods which ha\ e been used by investigators 
The aim will be not so much to provide a complete list, os to 
describe representatives of the %arious types of measurement 

We shall deal first with the measurement of the pitch 

230. Measurement of pitch by Cagnlard de la 
Tour’s Siren In Ohapter I it was shewn that the frequency 



Fig 93 
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of a note can be found by means of Savart’s Toothed Wheel 
or the Disc Siren These instruments are capable of giving 
only a rough approximation to the frequency A better 
instrument of the same class, where the numbei of vibrations 
per second is counted directly, is Cagniard de la Tour’s Siren 
shewn in Pig 93 

This siren consists of two circulai discs neaily in contaci^ 
of which the lower forms the fixed top of a wind chest, and 
the upper can rotate freely on a spindle Each of the discs 
IS pierced with a circle of holes, the holes in one disc corre- 
sponding m number and position with those in the other 

The wind chest is supplied with air from bellows with 
a pressure regulator Suppose now the uppei disc is rotating 
Every time the holes in the two rows coincide a jet of air will 
escape from each hole in the upper disc, and if there are, for 
instance, 20 holes in each circle, there will be 30 puffs for each 
turn of the disc Each puff will of course consist of 20 separate 
jets, but as they take place simultaneously they may be 
regarded as a single puff The rotation is maintained by the 
pressure of the air in the wind chest, for the holes are cut 

obliquely as shewn in Fig 94, 

so that the stieam of air from ^ / / 

the loAver hole strikes the side - \ V 

ofthe upper hole. The greater 
the pressiue of the air, the 

more rapid is the rotation of the upper plate, and therefoie 
the higher the pitch of the note given out The spindle of 
the upper plate is connected with a counter which can be put 
in or out of action as desired, and shews on a dial the number 
of rotations in a given time. 

In order to use the instrument for finding the frequency 
of the note of an organ pipe, for instance, start the siren by 
admitting wind from the bellows, and wait until its note 
c^es to nse. Then increase or dimmish the pressure, until 
the siren and pipe are in unison The final adjustment is 
most easily made by making the note of the siren a little too 
high, and bnngmg it down to that of the pipe by slightly 
reducing the air supply by means of a clamp on the supply 
tuTC When the two notes have been brought to the same 
pitch, throw the Counter mto gear for a definite penod, such 
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as a minute, and find from the dial the number of revolutions 
in that period This number multiplied by the number of 
holes m the circle gives the number of ’air i ibrations xier 
minute, or 60 times the frequency 

The determination cannot be made with any great accuracy 
for several reasons Throwing in the counter reduces the 
speed of the disc a little, and puts the notes out of tune. 
This source of ei ror can be avoided to some extent by Icavmg 
the counter in gear all the time, and ivhen the tuning has 
been adjusted, taking the time of, say, 1000 reiolutions by 
means of a stop w atch 

It IS not possible to keep the pitch of the siren quite 
constant during the experiment The tuning is effected by 
making the beats botacen the two notes become gradually 
slower, until they disappeai If, as is generally the case, they 
I'eappear whilst the experiment is going on, they must be 
removed as quickly os possible, and this is not easy to do, for 
one cannot tell w hether the siren is now too high or too low' 
The pitch can be lowered by touching the spindle gentlj 
mth a piece of paper or a fcathci If this quickens the beats, 
the pitch was already too low, and it must be raised by 
opening the clamp on the an tube a little. For further refine- 
ments of the method the reader is referred to Barton’s Text 
Book of Sound 


231 Measurement of pitch by the Monochord 
We saw' m Chapter III that the frequency of the vibrations 
of the string of a Monochord giving out its fundamental note 


IS 


- ^ - — " — 

1 It 

~ then the string is tuned to unison with a given 


tumng-fork, the frequency of the note of the foik can be 
calculated from this expression An example of the calculation 
was given in Chapter III The tuning is effected as usual by 
adjustmg the length of the string until the beats disappear 
The ordinary form of the monocliord is not suitable for 
measuring frequencies, for the friction of the pulley oxer 
which the stnng passes may cause the tension in the horizontal 
part to be different from that in the vertical part, and so not 
properly represented by the weight hung on the free end It 
18 better to fix the monochord in such a position that the whole 
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string hangs vertically, and to hold the string against the bndge 
by pressing it ivith a thin piece of wood The string must 
be thm, as otherwise its want of flexibility mil render the 
formula inapplicable 

With these precautions frequencies can be detenmned by 
the monochord with an error of not more than about hve 
vibrations per second 

232 Measurement of pitch by the Graphic 
Method A method which gives much greater accuracy is 
that known as the Graphic Method Many modifications of 
the method have been used, bat we shall hmit ourselves to 
the description of one of the simpler forma 

The method is an amphflcation of an expeiiment described 
in Chapter II It was shewn there that when a tuning-fork 
with a light style attached to one of its prongs is drawn ovei 
a piece of smoked paper, or, what amounts to the same thing, 
the paper is drawn under the fork, a wavy line is tmced 
on the paper One wave-length of the curve is the distance 
the paper moves during one vibration of the fork If then we 
know the velocity of the paper we can find the period and 
frequency of the fork by measuring the length of seveial waves 



“ evident that the experiment could not bo earned out 
^nvemently m this simple form A hettei form is shewn in 
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^ IS a c^hndncal drum antml witli itmolvt-d pnjH'r on 
^^lucl^ iho fork li tracts a turtc inf^ins of aj» alununiutn 
st^le n»o drum is rotatwl b\ clockwork, and is mounted on 
an axis with a screw tutonil Il\ lhisim*siismorlnp|»m;j of the 
sanoufi tunib of Hit tnr\e is prosouL'd, since thiMlniin trasels 
endways ns it rotat<» C h tlu* fccondar} of an induction 
cod, and lias its ends connciUxl to tliu fork and the dnun 
rcsjx5cti\cl\ llu jinmnit /) of the Kvnn* cod is connrcUsl to 
a hatter^ E, and to a waxinds pmiditluui E 'J’he ]>cndidum 
has lielow its boh a short plntinuni wire, which makes contact 
once a second with a nieixiiry cup at O, and so allows a 
moiiicnlai} ciirmit to pass thmu^rh tin ptiiimn This;^\ts 
rise to a moinentaty current of high eleclroinotiac foreo in 
the second ir\ circuit, and a spark piases from the fit\le to 
the cylinder, making a mark on the jsaper 

If now the fork is \ dinting and the CAhnder rotating, we 
get a was} enne, nmrk«| at intenals with spots which shrw 
the ends of the setoiuls It is oiiH iieusMiy then to count 
the number of waies in iinv mb rial of tmu* measured by the 
spots on the paper, ami diiidi li> tlic mimlier of fitcsuuls to 
find the frequency of the fork 

It will be steii that the result does not depend on the rate 
of rciolution of the c^lmdci or on its n'gulnriti, hut merely 
on the tune of mUtoUoii of the ]H‘nduIiim llus jK-ndulum 
IS usually the pendulum of a gooil tlocl whose rate can 
bo determined accuratily by astronomical metbods, and tlic 
mothofl 18 therefore cajsabk of a high degree of accurati. It 
IS to he obsoneil howt \er that the pitch determined is that of 
the fork with its sl^le rubbing on tho juix'r The effect of 
the fnction on the pitch is small, but it may introduce some 
slight error 

^ 233. IVIeasureinciit of pitch by the Tonometer. 
■\Vc hiiie seen that, wlieii two notes Imie nearly the laiino 
pitch, the difierenco hotween their frequencies is equal to the 
number of bents jicr second, when the notes sound together 
This fact was used by Schoibicr in devising his Tonometer, 
w Inch is V ety convenient for detcnmning frequencies quickly 

The tonometer consists of a senes of tuning forks cAtonding 
01 er an octave, the interval between any tvvo consecutive 
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forks m the senes being such that they give about four beats 
per second It is found that the difference between the 
frequencies ot two notes can in most cases be determined with 
the greatest accuracy when the beats are about four per 
second When they are more rapid than this, they are 
difficult to count, and when they are slower, the exact 
moment of maximum or minimum intensity is less definite. 

If we find by the method of beats the exact difference of 
frequency between each consecutive pair of forks over the 
whole octave, we can find the absolute frequency of any one 
of the forks Let n be the frequency of the lowest fork, then 
that of the highest must he 2m, as the interval is an octave 
Next suppose that the number of beats between the first and 
second fork is a, that between the second and third is b, that 
between the third and fourth is c, and so on Then the 
vibration numbers of the forks will he n, n + a, n + a + b, 
n + a + 6 + c and so on, until we have for the highest fork 
n+a+b-h . + « But we know that this is 2n, and there- 
therefore n- is the sum of all the beats throughout the senes 
Thus knowing n and all the terms a, 6, c, etc., we can find 
the frequency of every foik of the senes 


If now ue wish to find the frequency of any other fork, 
which falls within the range of the tonometer, we have 
merely to compare it with the tonometer forks until we -find 
one with which it beats, and by timing the beats fand the 
difterence between the frequencies of the two Tins difference 
IS then to be added to or subtracted from the known frequency 
of the tonometer fork to give that of the foik under investiga- 
taon In order to know whether we are to add or subtract 
^difference we must know which of the forks is the higher, 
men two forks A and B beat slowly, the ear cannot decide 
which 18 the higher in pitch A simple method of finding 
winch IS the higher is as follows Suppose the forks make 
four beats per second Stick a very small piece of wax on 
the prong of B We know that this will flatten the foik If 
we hud that the bmts are nou slower than four pel second, 
we have made the difference of pitch less by flattening B, and 
therefore B was originally the sharper If the beats are made 
quicker, ^ was the flatter of the two Oaie must be taken 
not to stick too much wax on B Suppose, foi instance, we 
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put on enough to flatten B by ten vibrations a second, then if 
B were originally four vibrations above A, we should flatten it 
to SIX vibrations helow A Thus we quicken the beats by 
adding wax to B, and if we apply oui rule, we shall conclude 
erroneously that B was originally below A 

It IS not necessary to flatten the fork by sticking wax on 
it when using the tonometer It is always possible to find 
two consecutive forks of the tonometer with each of which 
the fork under investigation makes less than four beats per 
second, unless it happens to coincide exactly in pitch with 
one of the forks It is clear that the fork under investiga- 
tion must fall between these two tonometer forks in pitch 
A determination of pitch by the tonometer is easily made, and 
takes little time, and the instrument is therefore much used 
by makers of scientific apparatus, bell founders, and musical 
instrument makers. 

Appuii constructed a tonometer m wliicli the forks were 
replug by Harmonium reeds This form is more poi table than 
Scheibler’s, but it is less accurate, for the reeds influence each 
other to some extent A leed has not quite the same pitch 
when sounded ivith the reed below it in the series, os it has 
when sounded with that above it. 

234 Measurement of difTerences of frequency 
by Iiissajous’ Figures. The comparison of the frequencies 
of two notes of nearly the same pitch is most easily made by 
counting the beats in a given time when the two notes are 
sounded together 

A more accurate method depends on the use of Lissajous’ 
Figures The method is not conveniently applicable to organ 
pipes and the like, where air is the vibrating medium It is 
most commonly used for companng the pitches of tuning forks, 
and it has been used in the investigation of the vibrations of 
a string, as mil be se|en in Chapter XVL The arrangement 
of the apparatus is ak shewn in Fig 17, but it is better to 
observe the figures with a telescope instead of throwing them 
on a sci’een, os this allows a smaller source of light to be used, 
and the figures are thCTeby made sharper The method has 
the advantoge that it can he used, not only when the forks or 
other vibratmg bodies ai» nearly in unison with each other. 
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hut also when they make very nearly one of the consonant 
intervals 

Suppose the method is applied to two forks nearly an 
octave apart, then the figure vanes fiom a parabola with its 
vertex in one diiection, through a figure of 8, to a parabola 
with its vertex in the opposite direction, and the time in 
winch the highei fork makes one vibration more or less than**^ 
double the number made by the lower is the time taken for 
the figure to change from one parabola to the other and 
back agam Let ua suppose that the cycle of changes la 
found to be completed ten times in half a minute, then, if 
the frequency, of the lower fork is 100, that of the upper , 
must be eithei 199 67 or 200 33, for 10 cycles in 30 seconds 
means a gam or loss by the higher fork of one-third of a 
vibration per second We can find whether we are to take 
the higher or lower number by the same method as was 
used with beating forks Stick a very small piece of wax 
on the upper fork This flattens the fork, and if it makes 
the changes in the Liasajous’ figmes slower, the fork is too 
sharp, and vice verso. Lissajous’ figures aie specially useful 
m tumng two forks accurately- to some interval such as the 
fourth or fifth, foi even though the interval is so nearly 
correct that the figure does not complete its cycle of change 
before the vibrations die away, it is easy to see whether a 
change is taking place or noty when only a quarter or even 
less of the cycle can be observed whilst the vibrations 
contmue 


235. Number of waves required to give the 
sensatiou of pitch We have had ample evidence that we 
get a sensation of definite pitch only when a senes of vibrations 
r^ch the ear at regular intervals, but there is one question 
wfai^ has not yet been answered How many waves must 
reach the ear m order to define the pitch of a note? If for 
mstonce, five waves with a penod of 01 sea reach the ear, 

6o! orloor ireqmtioj 100, or do we need 

The question has been answered by Kohlrausch by means 
ot a very simple expenment He fixed below the bob of a 
pendulum a plate of metal in the shape of an arc of a circle 
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with several teeth on its lower edge. Below the pendulum 
he placed a card in such a position that the teeth struck its 
edge in turn, as the pendulum swung across it- He then 
allowed the pendulum to swing once across the card, and 
varied the number of teeth to hnd the smallest number that 
would give a sensation of pitch. 

He arrived at the surprising result that tivo teeth enabled 
him to form a fairly good estimate of the pitch of the note. 
From tn o to ten teeth the accuracy of the estimate increased, 
but above ten there was little, if any, further mcrease of 
accuracy 

236. Measurement of the velocity of sound in 
the open air We shall turn nevt to the methods that 
have been used for measuring the velocity of sound in air and 
other media 

The earher measurements of the velocity of sound in air 
were made by the direct method of obsernng the interval of 
time between the flash of a distant cannon and the arrival of 
the sound This method suffers from several disadvantages. 
The V elocitv of sound depends on the tempemture and humidity 
of the air, and on the wind , and all these may vary m 
some unknown way between the cannon and the observer 

The effect of wind can be eliminated to a great extent by 
the method of reciprocal firing Two observers A and B are 
situated several miles apart, and each is provided with a 
cannon, and some means of measunng small intervals of tune, 
such as a stopwatch or an electnc chronograph A fires his 
cannon, and B measures the time between the flash and the 
repoi't Then B fires his cannon, and A measures the interval 
between flash and report, and this operation is repeated a 
number of times at intervals of one or two minutes The 
velocity calculated from .d’s observations will generally be 
found to be different from that calculated from ffs observations. 
Suppose the wind is blowing from A to B, then the velocity 
found by B IS the velocity of sound in still air plus the 
velocity of the wind, and that found by A is the velocity of 
sound minus the v elocitv of the wind The mean of the two 
therefore gives t!ie velocity of sound in still air 
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There still remain the temperatare and humidity oE the 
air to be allowed for. These are observed at several points 
between the two observers, and correction made as ejqolamed 
in Chapter Y. 

Another source of error is what is called the Fersonal 
Equalion of the observer. It is impossible to record the time 
at tbe exact moment when the dash is seen or the report 
heard. The brain is a httle late in realizing that the dash 
has ocenrred, and the hand is still later in making the record, 
if an electric recorder is used. A skilled observer is always 
late by about tbe same amount, so long as he is obsemng the 
same class of event. The actual magnitude of the personal 
equation is of no great consequence, so long as it is constant, 
and its amount is known, for in that case a correction can be 
made. Instruments have been constructed specially for the 
purpose of testing the constancy and find ing the amount of 
the error made in recording tbe time of the occurrence of such 
events as the seemg of a dash, the hearing of a sound, tbe 
feeling of a touch or of an electric shock. 

If the error were the same in recording the time of the 
dash of the cannon and the amial of the sound, the interval 
between the two would be correct, and there would be no 
error in the velocify of sound calculated from the observations, 
so far as it is aSected by personal equation. The error i**, 
however, not generally the same for events of diderent classes. 
There would be m most cases a greater delay in recording the 
sound than m recording the dash 

Hegnanlt ■fened to eliminate the error by making the dash 
and the arrival of tbe sound record themselves. A wire 
carrying an electric current was stretched across the muzzle 
of a gun The e^losion broke the wir^ and the interruption 
of the current caused a mark to be made on a revolving 
drum The arrival of the sound at the observing station was 
recorded by means of a stretched membrane, which was 
preyed forward by the arriving sound wave. The movement 
of the membrane broke a second electric circuity and made 
^o^er mark on the revolving drum. If the rate of revolution 
of the drum is known, the distance between the two marks 
gives the time taken by the sound in travelling from the gun 
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to the obseiver The effect of mnd was eliminated by finng 
from each end alternately in the manner already described 
Begnault’s method did not get rid of personal equation 
entirely, for the membrane had a “ personal ” equation, as it 
did not respond immediately to the arrival of the sound-wave 
1^0 method had the advantage of substituting foi a human 
delay a mechanical delay, which might be expected to bo more 
regular Eegnault made special experiments for finding the 
amount of the error, and applied a correction for it 

As the results of all his expenments in the open air, it 
appears that the velocity of sound in still dry air at 0” C is 
about metros per second, but it is not independent of the 
intensity of the sound A loud sound traxels faster than 
a feeble sound Hcgnault made experiments with the same 
gun over different distances, and it appeared that os the 
distance grew greater and the sound weaker, the lolocity 
approached a limiting value of about 23,0 metres per second 

Bravais and Martin determined the \elocity of sound at 
high altitudes in the Alps, and found the same value as at sea- 
level Their expenmente confirm the statement made in 
Chapter V that the >elocity of sound is independent of the 
-pressure, for the atmospheric pressure at the altitudes At 
^ which their experiments were made is much loner than at 
seo-levoL 

It may be mentioned as an instance of tlie great distance 
sound can travel before being extinguished that the Krakatoa 
eruption in 1883 sent out sound-waves which could be heard 
at distances of more than 2000 miles. The great wave caused 
by the mam explosion, which destroyed the mountain, could 
be traced by the records of barometers for about five days, 
during which time it travelled more than three times round 
the earth 

237 Measurement of the velocity of sound in 
water. In 1823 Colladon and Sturm determined the velocity 
of sound in the water of Lake Geneva. The source of sound 
was a bell placed below the surface of the water The lever 
that struck the bell ignited a charge of gunpowdei, and the 
flash could be seen at the observing station The moment of 
arrival of the sound was detected by means of a large ear 
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trumpet, the small end of -which was placed in the observer’s 
ear The laige end was closed -with a thin plate, and -was 
placed under -water The velociiy of sound m the -water was 
found to be 1435 metres per second. 

ThrelfaU aiid Adair found that the velocity of sound m 
water is very greatly affected by the intensity of the sound 
The velocity of a loud sound may be as much as 35 per cent 
greater than that of a feeble sound 

238. Measurement of the velocity of sound in 
pi^es When sound travels through pipes, there is fnction 
between the air and the pipe, and there is some shght 
transference of heat between the two Both these ca-uses 
tend to lower the Tei«« 4 ty of the sound-waves, the reduction 
of velocity bemg greater the narrower the pipe, and the 
greater the wave-length of the sound 

Helmholtz and Kirchhoff investigated the matter theoreti- 
cally, and both came to the conclusion that the difference 
between the velocity of sound of frequency JV in free air and 
the velocity of the same sound in a pipe of diameter r is 
inversely proportional to r, and inversely proportional to the 
square root of A 

Regnault made an extensive senes of observations of the 
velocity of sound in the newly laid water pipes in Pans in 
1862, using such sources of sound as a pistol, an explosive 
mixture of gases, and-vanous musical instruments. The method 
used was similar to that employed m bis open-air expenments 
already descnbed He found as before that the velocity 
approaches a limit-as the sound grows fainter, and the limit is 
lower for narrow pipes than for wide ones. The limiting 
velocity was the same for all the sources of sound Some of 
the pipes had a diameter of 1 1 ro and Kegnault concluded 
that for these the walls of the pipes had. ceased to have any 
effect. 

The limiting velocity of sound in these was therefore the 
^me as m the open air, and was given by Eegnault as 
330 6 metres per second at 0” O 

239 Measurement of the velocity of sound by 
Resonance. Many indirect measurements of the velocity 
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of sound in pipes ha\e been made, use being made of the 
properties of organ-pipes described in Oiiapter X 

The simplest of the indirect methods depends on the 
measurement of the length of tube which gives maximum 
resonance with a fork of known frequency « From the 
length of the tube we can find X the wa\e-leiigth of the note, 
and then, from the equation v = «X, we find v 

The Resonance Tube is a plain C 5 dmdncal tube of glass or 
metal containing a closely fitting piston by which the length of 
the tube can be vaned Instead of using a piston we may 
immerse the tube to various depths in water, or the lower end 
can be connected with a ^ essel of water that can be raised or 
lowered, thus causing the water-level to rise or fall m the 
resonance tube. 

Suppose the tube has been adjusted to the shortest length 
that gives resonance with the fork The length of the tub6 
plus the correction for the open end is now one quarter the 
wave-length of the note Now lengthen the tube gradually 
The resonance grows weaker until it almost disappears, and 
then increases again to a second maximum Q?he length of 
the tube plus the correction is now three quarters of the 
wave-length Subtracting the first measured length from the 
second wo have the half wave-length free from the correction 
for the open end, and so can calculate v from the formula 
V = nX, The method has already been descnbed in Chapter X 
as employed by Blaikley for finding the correction for the 
open end 

240. Measurement of the velocily of sound by 
Seebeck’s Tube Seebeck’s Tube descnbed in Chapter VII 
(Fig 59) is m pnnciple merely a modification of the Resonance 
Tube. When the side tube is at an antinode there is maximum 
motion but no variation of pressure at its mner end Con- 
sequently no waves are sent to the ear, and no sound is heard 
The distance from the centre of the side tube to the piston is 
then either a quarter of a wa^ e-length, or a quarter of a 
wa\ e-length plus one or more half wave-lengths The pro- 
cedure is similar to that with the simple resonance tube, with 
the exception that the points of silence are observed instead 
of the pomts of maximum sound 
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241. Measurement of the velocity of sound by 
Organ Pipes. Similar expenmonts have been made by 
Dulong, BUikley, and others with oigan pipes of adjustable 
length The pipe is tuned to a foik of known pitch by observa- 
tion of the beats It is then lengthened until it gives the same 
note in the next higher mode of vibration The difference 
between the two lengths is half a wave-length of the note of 
the fork. 

242 KundVs method of measuring the velocity 
of sound. Kundt devised an accurate method of comparing 
the velocities of sound in different gases, or of companng the 
velocities in the same gas in tubes of different diameters 

The later form of his apparatus is shewn diagrammatically 
mPig 96 



c 
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Fig 96 

A andf B aie two glass tubes, each of which has an 
adjustable piston at its outer end The inner ends are closed 
by caps through which pass the ends of the glass rod or tube 
C The rod is so adjusted that one quarter of its length is 
inside each of the tubes, and its ends are provided with 
circular discs a httle smaller than the bore of the tubes 
As the rod is supported at the two nodes of its first 
oveitone, it gives out this overtone, when rubbed lengthways 
near its middle with a piece of wet flannel The discs on the 
ends of the rod communicate the vibrations to the air 'or 
other gas in the tubes A and J3, and the air or gas is set into 
a state of stationary vibration A httle light powder, such as 
lycopodium powder or precipitated silica, is spread along the 
tubes If the vibration is mamtamed for a short time, the 
powdei leaves the vibratmg segments where the motion is 
greatest, and gathers in small heaps at the nodes "We are 
thus able to measure the wave-lengths in the two tubes by 
measunng the distances between the heaps of powder — any 
two adjoimng heaps being half a wave-length apart The 
pitch of the note communicated to the contents jof the tubes 

os 14 
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IS the same foi both, being the pitch of the note of the rod, 
and therefore the velocities of sound in the two tubes are 
pippoitional to the respective wave-lengths 

The pistons are provided to adjust the lengths of column 
of gas If this IS not done, the vibrations in tbo gas may 
be feeble and irregular, and the nodes ill defined The 
adjustment is made by moving the piston back and forwards 
whilst the rod is rubbed, and so finding the position for which 
the powdei is most strongly agitated 

A better way of forming the dust figures is to pour a small 
quantity of the powder through the tube, so that a narrow 
strip of dust IS left along the bottom, the rest of the tube 
being clear Now place the tube in such a position that the 
dusty strip is a httle way up the side, and give a single stroke 
on the rod with the wet fiannel The dust wall fall to the 
bottom of the tube everywhere except at the nodes, and at 
each node there will bo left a sharply defined clear space, the 
position of whose centre can be estimated within a fow tenths 
of a milhmetie 

Kundt’s apparatus is not well suited for finding the 
absolute velocity of sound in a gas, for in order to calculate 
this we need to know the frequency of the note The glass 
lod gives a note of so high pitch that its frequency is not 
easily determined with accuracy The apjiaratus^is more 
commonly used for comparing the velocities in difierent gases 
For this purpose one of the tubes contains air, and the other 
contains the gas to be compared with air The note is 
necessarily exactly the same in the two gases, and if ordinary 
precautions are taken the temperature will be the same 
Consequently the velocities in the two gases are in the same 
ratio as the measured wave-lengths The velocity in air 
being known that in the other gas can be calculated 

The earlier form of Kundt’s apparatus bad only one tube, 
and the rod was held at its centre, so that it gave its 
fundamental note Dry air was first introduced and the 
figures measured, and then the gas was introduced and the 
figures measured again The objection to this form of 
the apparatus is that we cannot be certain that the note is 
of the same pitch m the two cases, for a small change of 
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temperature alters the pitch of the rod appreciably, and 
further, it is not so easy to secure that the air and the giw 
to be investigated are at the same temperature, as it is with 
the double-ended form of the apparatus 

Kundt’s apparatus has been used by many investigators 
for finding the ratio of the specific heats of a gas The ratio 
IS of importance in Thermodynamics, and gives valuable in- 
formation about the constitution of the molecules of a gas 

We saiv in Chapter V that the velocity of sound in a gas 
18 where p is the density of the gas at pressure p 

Suppose the air and the gas investigated have the same 
pressure and temperature We can then omit the factor p 
and we have 


^ = I,- 

Pi Pa 

Pa / 4V 
or 

where the suffix 2 refers to the gas, and the suffix 1 to air, 
and li, la are the wave-lengths. 

The gas need not be at the same pressure as the air when 
the expenment is made, for the velocity of sound in any one 
gas IB the same at all pressures , but the values of the densities 
used in the formula must be those for conesponding states of 
the air and the gas They may for instance be the densities 
at temperature 0” 0 and pressure 760 mm , as given in the 
usual books of tables 


*243. Absolute measurement of the intensity of 
Sound Some simple and accurate method of measuring the 
amplitude of the vibrations of sound-waves in air is much to 
be desired Little has been done in this direction up to the 
present, and only a brief outline of the methods that have 
been used need be given 

*244 Rayleigh’s method Lord Bayleigh has for med 
an estimate m two ways of the amplitude of the faintest sound 
that is audible 


14 o 
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In the first experiment he used a whistle as his source of 
sound The whistle wns mounted on a bottle, and the pressure 
of the air in the bottle was kept constant Tins pressure and 
the volume of air passing through the whistle per second weio 
measured The onergj used ptr second in blowing the whistle 
could then be calculated, as it is equal to the \olume of air 
passing per second multiplied by the pressure expicsscd in 
absolute units It was found that the sound was just audible 
at a distance of 820 metres fiom the whistle The bottle was 
on the ground in the centre of a large lawn, therefore at 
a distance of 820 metras the eneigy expended on the whistle 
was disti ibutcd o\ er a hemisphere w hose radius w os 820 metres 
Know mg the quantity of energj' passing through each square 
centimetre of the hemisphere m the form of sound, it is possible 
to calculate the amplitude of the air \ ibratious The amplitude 
thus calculated was found to bo 8 1x10“® cm Tlie actual 
amplitude must ha\o been less than this, (or it was assumed 
in the calculations that all the energy spent on the whistle 
was converted into sound — an assumption that is not quite 
correct as Lord Raj leigh pointed out, foi some of the energy 
15 spent in making eddies and m warming tlic air 

In a second experiment a tuning-fork and resonator were 
used us the source of sound, the rate of emission of energy for 
anj amplitude of i ibration of the fork lieiiig calculated from 
the rate at which the aiuplitude died down ^ith the 
exception of the method of calculating the rate of emission of 
energy the principle wns the same ns in the former experi- 
ment The amplitude of the airwaves when the sound was 
just audible was in this case found to be 12 7 x 10"» cm 

It IS intoi'csting to note as an illustration of the sensitive- 
ness of the ear that 12 7 x 10~* cm is not much more than one 
five hundredth part of the wave-length of gieen light 

Pellat has calculated that, if the quantity of heat giv en up 
by one gramme of water in cooling through 1“ C were entirelj 
converted into electrical energj, and then were converted into 
sound by a good telephone, the energy would be snfiiciont to 
Prouuce an audible sound for 10,000 years Rnjleigh finds 
that the stream of sound energy which is just able to affect 
the ear is of about the same order of magmtude as the stream 
of light energj' which will just affect the eye 
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^245. Tdpler and Boltzmann’s Method Topler 
and Boltzmann used optical interference to find the amount of 
condensation and rarefaction at a node in an, organ pipe Two 
opposite sides of the pipe were made of plates of glass, which 
projected above the closed upper end of the pipe One of the 
two interfenng beams of light passed through the plates of 
glass outside the pipe, and the other passed inside the pipe 
The beams of light were brought together by a suitable optical 
method after passing the pipe, and formed a set of interfeience 
bands, which were observed with a telescope If the air m 
the pipe IS now compressed, its refractive index is raised, and 
the beam that passes through the pipe is retarded relatively to 
the other beam Hence the interference bands are displaced, 
and from the amount of displacement the retardation of the 
beam and the increase in density of the air in the pipe can he 
calculated, if the relation between the refractive index and 
the density is known When the pipe is sounding, condensa- 
tions and rarefactions follow each other so rapidly that the 
consequent motion of the bands cannot be followed with the eye. 

Topler and Boltzmann used a stroboscopic method to make 
them visible. A tuning-fork of very nearly half the frequency 
of the pipe had a thin plate fixed to each prong, the plates 
being parallel to the plane of vibration and overlapping each 
other In each plate was a slit parallel to the prongs of the 
fork, and so placed that the slits coincided when the folk was 
at rest. When the fork was vibrating, hght could pass 
through the two slits only when the prongs were passing 
through their equilibrium positions, that is, twice in each 
Vibration 

This fork was placed m such a position that the beam 
passing through the pipe could reach the telescope only by 
passing through the slits If then both fork and pipe are 
vibratmg, the beam reaches the telescope for a brief period 
twice in each vibration of the fork, or once in each vibration 
of the air in the pipe If the pipe is exactly an octave above 
the fork, the vibration will always be m the same phase and 
the air will be in the same state of condensation, when the 
beam ]>asse8, and the interference bands will remain at rest 
with a displacement corresponding to that condensation If 
however the ratio of the frequencies is not exactly 2 1, the 
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relative phases will change slowly, and the bands will oscillate 
slowly from side to side. The ina\iniura condensation or 
rarefaction can be calculated from the maximum displacement 
of the bands from their central position, and the law of 
vanation of the density with the time from the motion of 
the bands 

Topler and Boltzmann found that with a largo pipe blown 
at a moderate pressure the variation fiom the mean density 
at the nude amounted to 009 of an atmosphere, and that the 
V anation followed the harmonic law 

*24:6 Comparison of the intensities of two sounds 
The comparison of the intensities of two sounds of the same 
pitch IS a simpler problem Two of the methods that have been 
used for this purpose w ill be described 

Mayer placed a resonator before each of the two soui ces of 
sound to be compared, and joined the lesonators by an india- 
rubber tube with a manometi ic capsule neai its middle point 
With this arrangement there is more oi less interference of 
the sounds reaching the capsule by the two paths If the 
sources of sound aie at the same distance fiom the resonatei’s, 
are equally intense, and are in exactly opposite phase, and if 
the two tubes leading from tho resonators to the capsule are 
of the same length, there will bo complete interference at tho 
capsule, and the dame will bo at rest. Tho sounds will not m 
general bo in opposite phase, therefore we compensate this by 
altering the length of one of the rubber tubes until the jumping 
of the flame is a minimum The interference cannot be made 
complete by this process alone, unless the two tiains of waves 
have the same amplitude at the capsule, and this will be the 
case only when the sources have the same intensity If the 
souices have not the same intensity, tho stronger of tho two is 
now moved away from its resonator until the flame comes to 
rest, when the intensities of tho soui ces will be propoi tional 
to the squares of then distances from the resonators 

Lord Rayleigh has devised a method of comparing the 
intensities of sounds of the same pitch by making use of the 
hydrodynamical principle that a flat body held in a stream of 
fluid tends to set itself with its flat suiface at right angles to 
the sti'eam An illustration of this principle is seen in tho 
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case ■where a light card is allowed to fall tluough the air 
The card soon comes into a horizontal position Here the 
card IS moving and the air is at rest, but the forces tending to 
turn the card are evidently the same as when the. card is nt 
rest and the air is moving4 The experiment con be vailed by 
hanging the card by a string fastened to one coinei, and holding 
it m a wind The card will set its face to the wind 


The result is the same when the stieam of fluid is nob 
constant, hut alternating, a surface oblique to the stream 
tends to set itself at right angl^, whichever way the stream is ^ 
flowing 

In an organ pipe we have an alternating current of an at 
the autmodes, and a light disc placed at an antinode will tend 
to set itself across the pipe. 

l^yleigh used as a resonator a closed pipe whose first 

overtone had the same pitch 

as the two notes to bo com* , J 

pared When vibrations are — ' 

set up in the pipe, there is A B 

a node at 4, one third of the ^'6 

length from the open end, and an antmode at J5 one third nf 
the length from the closed nnd a n 

a light disc with a magnet on its bo^ and the^^nm 
such a position relativelv to tLo ^ 

tube If now the air in fho j the 

will turn, until the couple due ^ Slh ^ the disc 

IS equal to the couple due to thp air currents 

from the meridian^ displacement of the magnet 

portionai to^U^q^re of niendian is pro* 

therefore is proportional to tlm ''^•ooity of the air, and 
uo^ of the same S ^ tbe sound for 

on the ^onatm,‘^a^*rhrreSivrd? ^ separately 
observed The intensity oftS vl ! disc ail - 

proportional to the mte4ty S resonator is 

theiefoie the mteasifcies of thn f ^ ® causes it, ami 

tUe tangents of the 
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THE PHONOGRAPH, MICROPHONE AND TELEPHONE 

247 The Phonograph Tho Phonograph was in- 
vented by Edison in 1877 It has been little altered from its 
original form, the general principle of the instrument remaming 
the same 

Eig 98 shews the essential parts m a diagrammatic form 
A 18 a conical mouthpiece by 
which the sounds to be rfepro- 
duced are concentrated on a 
diaphragm B 

The diaphragm, which may 
be made of glass, metal, mica, 
or other matenal, has a sharp 
style fixed to the centre of its 
lower surface, tho pointed end 
of the style pressing agamst a 
votatmg cyhnder of hard wax 
The cyhnder is rotated at a 
uniform late by clockwork oi 
other means, and is mounted 
on an axis on which a screw is 
cut, so that it moves along its 
axis as it rotates By this 
means the trace made on tlie wax by the style is in the form 
of a helix from end to end of the cyhnder 

In some forms of the phonograph the trace is made on 
a flat circular plate which revolves lound its centre, and the 
recordmg point is moved gradually outwards from the centre 
as the plate rotates, so as to cut a spiral curve m the wax 



Fig 98 
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The air-waves that enter the cone set the diaphragm in 
vibration, and the style cuts a farrow in the wax, the depth 
of tlie furrow varying from point to point in accordanco with 
the ■v'arymg displacement of the diaphragm. 

When the cutting of the furrow has been completed, .the 
cone and diaphragm are raised, and the cylinder returned to 
its startmg point The cone is then lowered again into its 
place, and the cylinder set m rotation The style rises and 
falls as the depth of the groove vanes, and makes the 
diaphragm repeat the vibrations it performed when the groove 
was being cut The diaphragm communicates its vibrations 
to the air, and thus the features of the original sound are 
reproduced In practice the cutting style is not used for 
reproducing the sound It is so sharp that it will not nse and 
fall in the furrow, and soon destroys the trace. A style with 
a rounded point is therefore used to replace the cutting style, 
when the sound is to be reproduced. 

The instrument copies the features of the ongmal sound 
very closely The voice of the speaker can be recognized, and 
the qualities of the notes of different musical instruments are 
easily distinguished It fails to some extent when a sound 
is characterized by the presence of high harmonics, for the 
diaphragm cannot vibrate rapidly enough to record them on 
the oylmder 

The Phonograph and its modifications the Gfamophonei, 
the Path^phone, etc are becoming of great value, not only for 
reproducmg music, but also for such purposes as teaching the 
pronunciation of foreign languages, and recording the speech 
and music of savage tnb^ A phonograph now forms part 
of the outfit of every explorer 

./ The pronunciation of the languages of civilized nations is 
'' constantly changing, and it has been suggested that records 
should be made from time to time;, and preserved for the use 
of future philologists A museum of such records has alreafly 
been established in Pam ^ 

If speech is to be reproduced at the same pitch as the 
ongmal, the cylinder mast rotate at the same rate when the 
record is made, and when the speech is reproduced. If 
the cylmder is rotated more rapidly during reproduction, 
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the pitch IS raised Not only does the pitch of the fundamental 
rise, but also the pitch of all the harmonics, and theiefore the 
harmonic relations of the constituents is preserved, and the 
quahty of the note is unchanged 

248 Test of vowel theories by the Phonogrraph 

It vrould seem therefore that the phonograph provides a 
means of deciding between the two rival theories as to the 
nature of vowel-sounds 

Sing a vowel to a phonograph, and make a record m the 
usual way Next reproduce the sound, but gradually increase 
the rate of rotation of the cylinder All the constituents of 
the note given out will rise in pitch at the same rate, and the 
intervals between them will remain constant Tlie variable 
pitch theory requires this relation beta een the constituents of 
a 1 owel sound, when the pitch of the note on which the vowel 
IS sung changes If then this theory is true, the phonograph 
should gii e out the same vowel as was sung to it, at whatever 
rate the cylinder rotates The fixed pitch theoiy on the other 
hand requii es that some one or more constituents shall remain 
fixed in pitch, and therefore, if the theory is true, the phono- 
graph should give out the original vowel only when the cylinder 
IS rotated at the original rate 

Experiments made to test this point have proved to be 
quite inconclusive Some observers say that the \ owel changes 
when the rate of rotation changes, whilst others say it does 
not. The true physical cause of the differences between the 
vowels IS still uncertain 

249 The Telephone The Telephone has some 
features in common with the phonograph The complete 
mstallation in its simplest form consists of two instruments, 
the transmitter and the receiver, connected by a pair of 
wires In the transmitter the sound-waves cause vibrations 
in a flexible diaphragm as in the phonograph These vibra- 
tions are converted mto electrical waves, which travel to the 
receiver, and there produce vibrations in a second diaphragm, 
which in consequence gues out sound-waves similar to those 
entering the transmitter 
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250. The Bell Telephone 

phone "vras invented by Graham Bell, 
in details is still m use The 
essential parts are shewn in 


Fig 99 

J. IS a permanent magnet 
with one of its poles placed close 
to a thin iron diaphragm B 
Bound this pole are wound many 
turns of fine wire, and the two 
ends of the coil are joined to 
another similar instrument 


The first practical tele- 
aud with modifications 



Let us suppose the nght-hand Fig 99 

end of the magnet is the north 

pole, and the diaphragm has been removed We have now 
hnes of magnetic force starting from the N end, passing 
through the air to the S end, and then returning through the 
material of the magnet to the N end 

The coil C IS placed close to the end of the magnet, and 
most but not all of the hnes of force pass' through it Some 
lines escape from the magnet before they reach the coil, and 
others come out through the sides of the cod If we now 
bring up the diaphragm, we shall alter the distribution of 
the hnes of force The metal of the diaphragm forms an easier 
path for the hnes than does the air, and some lines which 
escaped from the sides of the magnet will now remain inside 
untd they reach the end, will there cross the air gap and run 
along the diaphragm for part of their paths 

The result is that the cod now encloses more Imes of force 
than before, and the closer the diaphragm is to the pole of the 
magnet, the greater will be the number of lines passing through 
the cod Hence, if the diaphragm is set vibrating by sound- 
waves, the number of lines passing through the cod will rise 
and faJl in accordance with the vibrations 


When the number of hnes of force through a circuit is 
changing, an electromotive force is set up, and this produces 
a current in the circuit The stiength of the current depends 
on- the rate of change in the number of hnes through the 
circmt, and the direction of the current is different according 
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as the number is increasing or decreasing Consequently the 
vibrations of the diaphragm will set up alternating currents 
in the coil, and the magnitudes and directions of the currents 
will depend on the nature of the vibrations 

We have now to consider what happens when these 
currents produced by the voice in the transmitting instrument 
reach a similar receiving instrument 

If a coil of wire is wound round a bar of iron and a currrent 
IS sent through the coil, the iron becomes magnetized, and 
remains so as long as the current is flowing The mtensity of 
the magnetization mcreases with the strength of the current, 
and the direction of the magnetization is reversed if the 
current is reversed If the iron bar is a permanent magnet^ 
and the current is feeble, the magnetizing efiect of the current 
may he insufficient to reierse the magnetization In this 
case a current m one direction will increase the intensity 
of magnetization and a current in the othei direction will 
dimmish ih This is what happens m the receiving instru- 
ment. The alternating currents produced by the transmitter 
cause corresponding changes m the strength of the magnet of 
the receiver The diaphragm of the receiver, being made of 
iron, 18 drawn inwards by the magnet, and the extent to 
which it 18 drawn mwards depends on the strength of the 
magnet , and this again on the strength and direction of the 
currents in the circuit Thus we see that the vibintions of 
the receiver diaphragm will bo controlled by those of the 
transmitter diaphragm, and the air vibrations near the trans- 
mitter will be reproduced in the air near the receiver 

The Bell telephone then will serve both as transmitter and 
receiver It has been superseded by other forms of transmitter, 
but with some alterations in foim is in practically universal 
use as a receiver The principal cdiange is the substitution of 
a horse-shoe magnet for the bar magnet. In the receiver most 
commonly used in this country, the horse shoe magnet has its 
two prongs parallel and close togethei !Elnch prong has 
a short soft iron ai-mature attached, and a flat coil of many 
turns of fine wire is wound round each armature The outer 
ends of the two aimiatures are side by side and close to the 
diaphragm This telephone is the same in principle as the 
form we have described, but it is more efiective in producing 
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vibrations in its diaphragn^ for. neigt 

sKr.-=iiS5 rsrr » 

ends of'a bar - , 

A pair of such telephones can be used as t‘®®-S’nitter and 
receiver only for short distances. The energy of vibraW 
of the receiver disc is many thousand tunes less than that ^ 
the transmitter disc, and if many miles of 
in the circuit, the curients are so much r^uced by the added 
resistance, that the sounds become inaudible Consequently 
a different principle has been adopted for the transmitter, in 
order that stronger currents can be used 

261 The Hughes Microphone Almost all the 
transmitters in use at the piesenb tune are modifi^tions of 
the Hughes microphone This instrument is shewn in section 
inJFig 100 ' 

J 18 a tbm board, on which A 

are fixed two blocks of caibon 
A and 0 

Each of these blocks has a ()=| 

conical hole bored m one side 
nesting loosely with its pointed 
ends m the two holes is a rod of 
carbon J) Two binding screws 
on the hack of the board are 
connected each with one of the 
carbon blocks, and a battery and 
telephone m senes are joined to 
the termmals The current then 
passes two pomts where the rod 

rests loosely against a carbon 

block The resistance of a point ' Pig . kjq 

of contact between two carbon 

surfaces changes greatly, when the pleasure between the two 
surfi^ changes, and therefore, if the microphone is shaken 
and the pressuie of the rod on its supports thereby altered, 
change of intensity ynll be produced in the electric current, 
and the telephone will give out sounds 

The microphone is extremely sensitive to slight movements 
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If a fcatlioi 18 draw n liglitly across the board A, a loud rasping 
sound IS heard in tlic tolophono, and the footfall of a 
talking on tho instrument is quite audible. 

252. The Carbon Transmitter Such an instru- 
ment, exactly as it has been described, could be used as a 
transmitter If one speaks close to tho microphone, tho 
Moi-ds can bo heard in the tclcphono, but only faintly, and it 
has been modified in soicral icspccte toincioise its cilicicncy 

Tlic fii-st change made nos to send tho curront from the 
microphone through tho primary of an induction coil, and to 
use tho current from tho secondary to Mork tho distant 
telephone Tho secondaij current has a much higher electro 
motive foico than the primary, and is less weakened being 
transmitted tlirougli great lengths of lino wire 

Tho next iniproiement was to increase the number of 
points of contact of tho carbons, so as to reduce tho resistance, 
and at tho same time to intensify the changes of itssistancc 
In one t>po of 'tiansmitter tins is done by using sexssKd 
carbon rods arranged in parallel so that the current is dmded 
amongst them The rods are attached to a thin piece of \v ood, 
winch forms the side or top of a boi^, and the sound‘Wa\cs 
cause vibrations in tho wood and the attached carbon rods 

The Gower, Crossley, and Ader Transmitters are instru- 
ments of thib tjpo Such instiumcnts base been extonsiiely 
Used in tlie past, and are still used for such puiposcs as 
transmitting music from a concert room, 
but for ordinary purposes they are now 
almost entirely superseded by tmiis- 
mittors winch make use of granular 
carbon for tho sariahlo contacts 

253 The Hunnings Trans- 
mitter Wo shall describe tho 
Hunnings Transmitter, as being one 
of the best known and most successful 
of the granular transmitters used m 
this country 

A wooden case about 3 inches in 
diameter has m it a i-cccss J At the 
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bottom of tbe rec^ is a thin carbon plate J8 connected •nitli 
a binding screw at the back- la &ont of tbe recess is a 
diaphragm C made of plafmnm foS, and connected with tbs 
second binding screw at tbe back of "die instrument. 

The space between the platinum and carbon plates is 
nearly tilled with carbon ground to a rather coarse powder. 

Tbe pnmaiy carrenfc of the indnctfon co3 pases thxvz0i 
tbe granular carbon from tbe carbon plate to the plating 
foil, and as there are a large number of points of contact 
between the grain% -ribrations of tbe platinDtu plate cansed 
by sound-waves give rise to large variatioas in the intensirr 
of the current The secondary cmrent from the 
cod IS earned by wir^ to tbe leoeivii^ iiistrameat. 
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254 The Harmonic Series In Chaptei I we spoke 
of certain intervals, the octave, fifth, fourth, etc , as being 
worthy of special names, the chief reason for this preference 
being that they are pleasing to the ear and are easily recognized 
In Chapter II these intervals were grouped together into the 
Harmonic Series At a later stage we found that the proper 
tones of sti etched strmgs and of narrow organ pipes form the 
same senes Finally we saw by Ohm’s Iaw that a simple 
harmomc vibration is the proper umt to take in analysmg 
complex notes, and by FounePs Theorem that any complex 
note can be resohed into simple harmonic constituents that 
are members of the Harmomc Senes Thus it appears that 
we have weighty reasons for regardmg the senes as of 
fundamental importance 

255 Consonant Intervals The intervals between 
the lower members of the senes hai e vibration ratios which 
can be expiessed by the ratios of small integers, and it is 
found that the smaller the mtegers which express the vibration 
ratio, the smoother and more pleasmg is the correspondmg 
mterval to the ear 

The octave is given by the vibration ratio 2 1, which 
mvolves smaller whole numbers than any other ratio except 
the unison 1 1 No other mterval gives an efiect approachmg 
that of the octave m smoothness. It js m foot so smooth and 
free from character, that it is hardly regaitied in music as a 
harmony, hut rather as doublmg or intensifying the effect of 
either of the two notes which form the octava The feeling 
of sameness is so great in the case of octaves, that though it 
IS easy to decide whether two notes are or are not an exact 
number of octaves apart, it is often difhcult to decide how 
many octaves there are between tliem 
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The next inter\ al in the series is the fifth 3 2 This again 
IS a very good concord It is smooth and pleasant to the ear, 
bnt lachs the sensation of sameness that is felt "with the octave 

The sensation of smoothness gradually diminishes as "we 
nse in the series through the fourth, major third, minor third, 
etc., until -when "we reach the interval 9 8, the effect becomes 
unpleasant. 

Helmholtz "was the first to give a physical explanation of 
the various degrees of consonance of the different intervals and 
the remainder of this chapter "will be demoted to giving an 
outline of his theory- 

256 Effect of the heating of two pure tones 
We must first consider the vaiying effect produced by the 
beating of two pure tones, when the interval between them is 
gradually widened, as Helmholtz’s theory is to a great extent 
based on this effect 

Take two tuning-forks of the same pitch mounted on 
resonance boxes, and lower the pitch of one of them by 
sticking a httle wax on its prongs, so that when the two forlte 
are sounded together, beats are produced If there are not 
more than thr«« or four beats a second the effect is not 
unpleasant A similar tremulous sound is produced inten- 
tionally by singers, and is imitated m certain stops of the organ 
and harmonium If the low er fork is weighted still more, the 
beats become more rapid, and begin to be disagreeable, and 
the unpleasantness increases with the rapidity of the beats 
lip to- a certain maximnm As the rapidity increases beyond 
that correspondmg to the maximum of roughness, the beats 
become less easdy distinguishable^ and the disagreeable effect 
diminishes, imtil, when the beats are so rapid that the ear no 
longer hears the alternations in mtensitj, no roughness is left. 

We have an analogous case in the effect of a flickering 
hght on the eye If the nse and fall of mtensiiy is slow, it 
IS not unpleasant, and if it is very rapid, it is not detected at 
alL There is an intermediate rate that is very unpleasant 
and fatigumg to the eye. An effect of this kind is often 
expenenced when watching an infenor Hinematograph ex- 
hibition. If the successiv e pict'ures do not follow each other 
quickly enough on the screen, the flicker soon &tigaes the eye. 

c. s, 25 
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Ifc will not lie possible by merely sticking wax on the 
prongs of the fork to get a sufficient range of alteration of 
pitch to shew the whole variation of roughness from unison 
through the maximum of roughness to the stage at which 
the beats cease to be perceptible A gi eater range can be 
secured by using a tuning-foik with sliding weights which 
uin bo clamped at any part of the piongs The nearer the 
weights are to the free ends, the lower is the pitch A still 
better method of showing the effect of the varying rapidity of 
the beats is by blowing together two similar open organ pipes 
of wide bore, and loweiing the pitch of one of them by 
gradually covenng the open end A wide range of tuning 
IS possible in this way, and the interval between the pipes 
can bo made so great that the roughness disappears 

257 Rate of beating which gives the worst 
dissonance Helmholtz and others have made experiments 
to find at what rapidity of tho beats the roughness reaches a 
maximum, and at what rapidity it disappeai-s again 

Tlie result is not tho same at all parts of the musical scale 
Near the middle of the pianoforte scale tho dissonance reaches 
a maximum at about 33 beats per second, and disappears at 
about 86 These numbers of b^ts correspond to intervals of 
about a semitone and a minor third respectively 

Higlier ui the scale the number of bents that gives 
maximum dissonance inci cases, though not in proportion to 
the frequency, and the intenal that gives the worst effect 
dimmishes. Sinnlaily for low notes the worst number of. 
beats IS less than 32, and the worst interval is greater 
than a semitone, Sound together on the pianoforte or 
haimonium two notes a semitone apart If they are near 
the bottom of the scale the effect is not very unpleasant — not 
nearly so bad, for instance, as a major third in such a position 
In the middle of the scale a semitone is exceedingly un- 
pleasant Near the top of the scale it is still unpleasant, but 
not so unpleasant as near the middle At the top of the scale 
the worst interval is less than a semitone If the instrument 
used mode it possible to sound together here two notes a 
quarter of a tone apart, their effect would be much worse 

Over several octal es near the middle of the scale the most 
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dissonant interval is not fai from a semitone, and we shall 
assnme it to be a semitone in all that follows , remembering 
however that there is some roughness up to an interval of a 
tone or more 

258. Beats due to difference tones When the 
interval between two pme tones sounded together is increased 
bejond the mterial at which the roughness disappears, the 
beats formed in the way we have jnst described continue to 
get more rapid, and the jarnng effect does not reappear 
Faint beats are heard when the tw o notes are nearly a fifth or 
nearly an octave apart, but these are caused by the com- 
bination tones Let us suppose the frequencies of the two 
notes are 400 and 795, the mterval bemg thus a little less than 
an octave. The first Difference Tone has a frequency 795 —400 
or 395 and therefore makes 5 beats a second with the lower 
primary If two forks making an interval of a mistuned 
octave are placed close together and made to give out loud 
notes, the beats can be heard plamly 

The beats of a mistuned fifth are much fainter, as they are 
dependent on a second Difference Tone Suppose the two 
forks have frequencies 400 and 598, so that the higher is 2 
vibrations a second too low to fonn a perfect fifth The 
first Difference Tone has a frequency 598 — 400 = 198 There 
are two second Difference Tones of frequencies 598—198 and 
400 — 198 respectively The former comcides with the lower 
primary, the latter beats 4 times a second with the first 
Difference Tone Second Difference Tones are always faint 
and therefore the beats are very feeble. 

259. Helxnlioltz’s Theory of Consonance Helm- 
holtz's Theory of the physical basis of consonance and 
dissonance ascribes all dissonance to the roughness caused by 
beats. According to this theory the chord formed by two 
or more notes sounded together is the more consonant, the 
more free it is from beats of such a rapidity as causes rough- 
ness 

Applying the theory to the case already discussed — that of 
chords formed by two pure tones — ^we may say that from 
umson to a major third there is a varying amount of dis- 
sonance, the maximum dissonance bemg at the interval of a 

15 — 2 
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semitone foi clioi’ds near the middle o£ tlie pianoEorto scale 
Ab the interval between the t\io notes is inci cased beyond 
a major third, the dissonance does not reappear, except very 
faintly near the fifth, and somewhat more perceptibly near 
the octal e Puie tones however are not much used in music 
It was mentioned that certain stops in the organ giie nearly 
pure tones In the orchestra the only insti uuient that gives 
notes approximating in the least to pure tones is the flute, and 
even in the notes of the flute the octave is quite perceptible 
When a chord is formed from two or more complex notes 
we haie to consider not only the beats of the fundamentals 
but also the beats arising from approximation of the harmonics 
of the various notes to each other 

When harmonics are piesent, a single complex note may 
have in itself the elements of dissonance. The harmonics are 
closer together, the higher n e ascend in the senes, and in the 
neighbourhood of the tenth or eleventh they come within 
beating distance of each other If then a note has a long 
range of powerful harmonics, it will be moie or less harsh 
It 18 this prominence of the higher harmonics that gives a 
rough and penetmtuig quality to the notes of the trombone 
and hautboy 

In most cases the harmonics fall off so rapidly in intensity 
as we rise in the senes, that it is usual in treating of the 
causes of dissonance to ignore all above the sixth, as being 
too weak to have any appreciable effect 

In the course of the discussion we shall have to tike 
account of the fact that whilst some instruments, such os 
stnngs and open pipes, have the full senes of harmonics, 
others, such as stopped pipes, have only the odd members 
When two notes are sounded together on two instruments, 
one from each class, it is not alwajs a matter of indiffeience 
which instrument plays the upper note 

260 Analysis of the consonant intervals We 

shall first discuss the relative consonances of the more usual 
musical mtervals produced by two instruments, each of which 
has the full series of harmonics, and shall ignore all harmonics 
above the sixth 

It sometimes happens that a composer wishes to produce 
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a very harsh effect, and therefore writes a chord containing 
two notes whose fundamentals are "within the beating dn>- 
tance of each other Suppose for instance he directs that the 
two notes Ji and c, a semitone apart> aie to be sounded together 
The two senes of harmonics are as in Fig 102 and it is seen 
that each harmonic of is a semitone from the corresponding 
harmonic of c, and therefoie the roughness is made greater 
by the presence of the harmonics. 



Fig 102 


Fig 103 


Fig 103 gives the scheme of harmonics for the Octave 
In this case the npper note introduces no harmonics that were 
not already present in the lower, and so no roughness is 
produced The consonance of the octave is perfect 

Next take the Fifth (Fig 104) Here the consonance is 
not quite so good, for the 3rd harmomc of the higher note is 
within a tone of the 4th and 5th bai monies of the lower 
This does not introduce much roughness, for the 4th and 
5th harmonics are not generally very strong , and a tone is 
greater than the interval which gives maximum roughness 
Hence the Fifth, though not perfect, is a good concoid 




Fig 104 


Fig 105 
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The Fourth (Fig 105) is distinctly worse than the Fifth 
The clashing of two harmonics a tone apait is lower in the 
senes than was the case with a Fifth, and is therefore more 
conspicuous and we have also the 5th harmonic of the lower 
note makmg the bad interval of a semitone with the 4th of 
the upper 

The Maioi Third (Pig 106) is still worse. Wehavenowtwo 
intervals of a semitone included in our range of 6 harmonics. 

The Minor Third (Fig 107) is much the same as the 
Major Third The 4th harmonic of the lower note is a 
tone distant from the 3rd of the upper, whereas the interval 
in the corresponding position was a semitone in the cose of 
the Major Third, but on the other hand the semitone between 
B and is a step lower in the senes We shall see 
presently that the diJSerence between the characters of the 
Major and Minor Thirds is largely dependent on the existence 
of Differential Tones 




It IS not necessaiy to examine in this way all the consonant 
intervals used in music, as the student should find no difficulty 
in working out the Major and Minor Sixths, the Minor 
Seventh, etc., for himself, but a few cases of special interest 
will be ^ded to those given above 

261 Sffect of widening an interval by an octave. 

The consonance of an interval does not generally remam 
the same, when that interval is increased by an octave Let 
us comparei, for instance, a Fifth with a Twelfth 

Fig 108 gives the harmonics for a Twelfth, and it will bo 
seen that the consonance is perfect, os there is no clashing 
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whatever, aed this is true however high we go in the senes 
A Fifth then is made a perfect consonance hy being widened 
by an octave It is clear that the consonance of any interval 
formed by the lowest and any other member of the harmonic 
senes must also be perfect 



Ejg 108 



Take next the Minor Tenth for companson with the Minor 
Third Eefernng to Fig 107 we see that the dissonance has 
been somewhat increased by widemng the interval In the 
case of the Minoi Tenth the 2nd harmonic of the highei 
note IS within a semitone of the 6th of the lowei note, 
whereas in the case of the Mmor Third it was the 4th of 
the higher which formed a semitone with the 5th of the 
lower The 2nd haimomo is generally stronger than the 
4th, and the increased roughness due to this has more effect 
toan the gam in smoothnessi ansmg from the absence from the 
Tenth of the tone interval found in the Third 

It w* be found that most intervals change in consonance 
when extended by an octave, some becoming more smooth and 
others 1^ smooth Helmholta makes the general statement 
that, If the smaller number is even, when the vibration ratio 
“ expiessed by the smallest possible integers, 
the consonance will be improved by widemng the inter^l hv 
an octave, and if the smaller number is odd, the consonance 
w^ be m^e worse The Fifth whose ratio m 2 3 beWto 
the first class, ai^the Mmor Third whose ratio is 6 6 he^n^s 

lowei »oto doTO ^ octave li number Ja? onpuaUy 
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even, no fractions are introduced by halving it, and one of the 
integers expressing the new vibration ratio is smaller than 
before whilst the other is unchanged If the lowei numbei 
IS odd, both numbers expressing the i ibration ratio must be 
doubled before we can halve the lower without introducing a 
fraction Thus m this case the lower integer remains un- 
changed and the higher is doubled 

262 Consonance of an interval formed by two 
notes which have not both the fhll series of har- 
monics All the conclusions come to in ^ 260 and 261 rest 
on the assumptions (1) that each of the notes has the full 
senes of harmonica, and (2) that the harmonics above the sixth 
are so weak ns to be negligible. If these conditions are not 
satisfied, the results may be different If for instance the 
notes are sounded on two stopped pipes, which have only the 
odd harmonics, the consonance is generally better than wlien 
the full senes is present The student can easily verify this 
for himself 

If one of the notes has the full senes, and the other has 
only the odd members, there may be a difference in smoothness 
according to which of the notes is the higher Wo will give 
one instance of such a difference The hautboy has a conical 
tube and gives the full senes of hai monies, whilst the clannet 
has a cylindncal tube, and gi\es only the odd members of the 
series Suppose the two instruments play two notes making 
an mterval of a Major Third, first with tlie hautboy aboie 
the clarinet and secondly with the positions reversed 

Ihg 110 shews the two coses, and it is clear that there is 
a great difference in consonance 
T^en the hautboy takes the 
higher note there is no clashmg 
within the firet six harmonics, 
whilst when the clannet is 
above the hautboy, there are 
two pan's of notes making the 
interval of a semitone 

The student may test bis 
knowledge of the method by 
finding the best position for the 
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instruments when the interval is a fourth He "will find that 
in tlus case the clanuet should play the upper note 

The efiect is not so stnking in practice as might appear 
from what has been said, for in the case of the clannet, and 
still more of the hautboy, the higher harmonics are so strong, 
that those above the Sisth cannot be ignored 

0 263. EfTect of combination tones formed by the 
harmonics The harmonics of two notes will, if powerful 
enough, generate Combination Tones with each other, and it 
might be thought that this would introduce new tones, and so 
modify the conclusions The harmonics are generally too 
weak to generate any but the first Difference Tones, and even 
these are not strong enough to have any practical effect on the 
consonance. Helmholtz has shewn, moreovei, that^ when the 
fall senes of harmonics is present, the first Difference Tones 
cannot generate beats, except when beats of the same frequency 
are already present from the clashing of the harmonics them- 
selves, and therefore there can only be a slight incrfiase in the 
strength of the beats If however both notes contain only 
the odd harmonics, the Difference Tones may introduce the 
e\en teims, and so have some shght effect on the consonance 

We are for the present not taking account of the 
Difference Tones produced by the fundamentals We shall 
see later that they have some effect in modifying the character 
of a consonance, uiough they may not cause heats 


264. Consonant Triads. The intervals less than an 
octave which are admitted as consonant in music are the 
following — 


Interval 
I^th 
Fourth 
Major Third 
Minor Third 
Majoi Sixth 
Minor „ 


Vibration Batio 

3 2 

4 3 

5 4 

6 5 
6 3 
8 5 


liet us see how we 
to give chords of three 


can add these intervals in pairs, so as 
notes, each of which forms a consonant 
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interval with both the others, and such that the interval 
between the highest and the lowest notes of the chord is less 
than an octave Such a chord is called a Consonant Triad 

Take, for instance, two notes which we may call p and q, 
making one of the consonant intervals wath each other, and 
a third note r, making one of the consonant intervals with 
q, p being the lowest and r the highest in pitch of the three. 
"We have then a chord of three notes />, q and r, where pU>q 
and 5 to r are consonant intervals K it prove that p to r 
IS also consonant, and less than an octave, the three notes 
form a Consonant Tnad 

We can make the follow ing table giving all the pairs of 
consonant intervals whose sums are less than an octave 


1 Minor Sixth + Minor Third gives g 5 = 05 


2 

Fifth 

+ Major Third 

ff 

3 5 15 

2 8 

3 

Fifth 

+ Minor „ 

99 

3 6 9 

2 "'s'B 

4 

Fourth 

+ Fourth 

Jt 

4 4 16 

3 ’'3~ 9 

5 

Jf 

+ Major Third 

99 

4 5 6 

3 ’'4~3 

6 


+ Minor „ 

99 

4 6 8 

3 6 ~5 

7 

Major 

Third + Major Third 

99 

6 5 26 

4 "'4“ 16 

8 


„ + Minor „ 

99 

5 6 3 

4 5 2 

9 

Minor 

U >» J» 

99 

6 6 36 

5 5 ~ 26 


We find that only three of the resulting intervals are 
consonant, the 5th, 6th and 8th, which are a Major Sixth, 
a Minor Sixth and a Fifth respectively Each of these 
combinations gives two Consonant Triads, for the Majoi 
Siv-th, for instance, can be made up of a Major Third above 
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a Fourtli; or o! a Fourth above a -Major Third -'We have 
then the foliotvmg chords. ' 

Major Thud above Fourth 
< FourA ,» Major Third . . 

Minor Third j, Fourth - j 

Fourth „ Minor Thud 

Minor Third „ >MtyoT „ 

Major „ „ lyimor „ 

265 Derivation of the Consonant Triads fi-om 
two fundamental forms lu musical notation the triads 
can be written as follows 


^ 1 2 8 4 ‘ 6 6 - 



Fig 111 


These are the only groups of three notes within the 
compass of an octave that form consonant intervals with each 
^er They can of course be transposed into any other key 
We are concerned here only ivith the relations which the 
notes in any tnad bear to each other , 

denved from tlie 

6th and 6th in a simple way, Baise the lowest note of 6 nn 


oou™ «.d w. which » the same 'as 4, riect 

« . 


walburthaboceaMmorThirt. Wow rame the lowest n 
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first group we hiuo a ^lajor Third between the two lowest 
notes, whilst in the second group we ba\e a Minor Third 



■# — 





Fig 112 


In each gi*oup the first chord is called the Common Chord 
— Mapr or Slinoi us the case may be — of tlie lowest note of 
the chord The second chord in each group is called the 
First In^elSlO^ of the Common Chord, and the third is called 
the Second Iniersion 

266. Consonance of fhe triads The consonances 
of thci^e chords can lie investigated in the same way os the 
chords of tw o notes It is found that the Second In\ crsion 
of tho Major U nnd is the smoothest, and the Second Inversion 
of tho Minor Triad is the roughest of tho six chords Tlio 
scheme for these is given in Fig 113 



The difTeronco between tho two chords is very marked 
Theie are only two semitone mteivals in the first group, and 
these am fanly high in tho senes, whilst the second group 
contains five The student should be able to work out tho 
other four tiiads in tho same way without difficulty 

We can estimate tho consonance of the triads still more 
simply by considering what chords of two notes enter into 
them, and making use of what has been found earher with 
regard to the consonance of chords of two notes 

The first Triad of Fig 111 contains a Fourth, a Major 
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Third and a Major Sixth, the thud contains a fourth, a 
Minor Third, and a Minor Sixth The Fourth is common to 
the two, the Major Third is not greatly different fiom the 
Minoi Third in smoothness, hut the Minor Sixth is decidedly 
woi-se than the Majoi Sixth, and therefore the third group is 
worae than the hrst 

If we estimate the consonance of the fundamental foims 
of the Major and Mmor Tiiad in this way, ue hnd no . 
difference bet\seen them, for each contains a Major Thud, a 
Mmor Thmi and a Fifth , yet there is no doubt that the 
Mmor Triad is less harmomous than the Major Triad Helm- 
holtz ascribes the difference in barmoniousne^ to the 
Difference Tones formed by the thiee fundamentals of each 
tiiad taken in pairs ^ 

Fig 114 shews the positions of the First Difference Tones 
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The difference tones of the Majoi Triads introduce no 
notes extraneous to the chords Kiey merely double in a 
different octave notes already present The difference tones 
of the Minor Triads are, it is true, not within beating 
distance of each other or of the notes of the chords, but some 
of them fall quite outside the harmony They are not strong 
enough to give the character of dissonance, but they disturb 
the harmomousness of the chords, and give the Minor Triad 
its peculiar veiled and mysterious effect 

In former times it was not uncommon to use a ma^or 
chord as the concluding chord of a composition, that was 
elsewhere in the minor key This is not often done now It 
was no doubt due to musicians of post times regarding the 
Minor Triad as hardly deser\ mg the name of a consonance, 
and as not being sufficiently satisfying to the ear to be worthy 
to take its place os the final chord 

It should be leiterated that these conclusions are true 
only of just intonation When, as is more usual, tempered 
intonation is used, the difference between the major and 
minor chords is to a great extent obscured by other causes 
due to the mistuning of the intervals 



CHAPTER XY 

DEFINITION OF INTERVALS SCALES TEMPERASIENT 

267> Definition of intervals We must now return to 
chords of two notes, and find to what extent an interval may 
be mistuned without introducing unpleasant elements into 
the concord In all systems of Temperament some of the 
Intel vals are a little out of tune, and it is important, when 
devismg such a system, to know which intervals must be 
correct or nearly so, if dissonance is to be avoided, and which 
intervals can he modified without serious ill-effect We shall 
find that in most cases beats are produced when an interval 
is a little out of tune, and the strongei these beats are, the 
more accurately must the interval he tuned An mterval for 
which the beats due to mistuning are strong is said to be 
sharply defined 

268 Definition of intervals formed by pure 
tones The beats of mistiming generally anse from the 
harmonics, but in some cases they are caused by combmation 
tones. In the case of pure tones there are no harmonics 
above the firsts and therefore such defimtion as eiusts must 
anse from the combination tones We have already seen, 
when discussmg the consonance of intervals formed by pure 
tones, that, as the interval is gradually increased, we have 
first powerful beats due to imperfect unison These beats get 
more rapid, until at an mterval of about a Mmor Thud they 
cease to be perceptible as beats They reappear when we are 
getting near a Fifth, and get gradually slower, until at the 
mterval of an exact Fifth, they disappear A Fifth between 
two pure tones then is defined to some extent, smce beats are 
introduced by mistunmg, but as the beats arise from the 
clashing of a first and a second diflference tone, they are 
very faint, and therefore the definition of the interval is 
shght 
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Near an Octave the beats are stronger, for they arise from 
the proximity of the first diSerence tone to the lowei of the 
two primaries The Octave then is fairly well defined, even 
nhon the notes are pure tones It is easy to adjust the 
interval between two tuning-forks on resonance boxes to an 
exact octave by raising or lowering the pitch of one of them 
until the beats disappear It is difficailt to tune a Fifth in 
this way, as the beats are too faint 

The remaining consonant intervals of pure tones ivithin 
an octave give no peiceptible beats when mistuned, and there- 
fore cannot be said to be defined at all 

269 DefiLnition of intervals formed by complex 
notes "We turn next to the intervals formed by notes 
having the full series of hai monies, and limit ourselves as 
before to the first six harmonica 

It IS seen in Fig 103 that, when the two notes make a 
true Octave, every harmonic of the upper note coincides with 
a harmonic of the lower In pniticular, the lowest harmonic 
or fundamental of the upper note coincides with the 2nd 
harmonic of the lowei note These are generally very strong, , 
and therefore, if one of the notes is put a little out of tune, 
powerful beats will be heard 

The Octave is in fact so shai'ply defined that it is not 
possible to put it out of tune to the slighest extent without 
causing conspicuous bents Consequently, in any system of 
tuning all Octaves must be true The Fifth (Fig 104) is also 
well deGned, though not so well as the Octave The 2nd 
harmonic of the highei note coincides with the 3rd of the 
lowei, and these beat if the interval is not exactly in tune 
The beats are easily heaid, and the interval can be accurately 
tuned by making use of them They are not however strong 
enough to be v ery obtrusive, and if the mistuning is slight, so 
that they are slow, they do not have any serious efiect on the 
consonance In the modern system of tuning keyed instru- 
ments all the Fifths aie very slightly fiatter than the true 
Fifth 

The Fourth (Fig 105) is still less sharply defined than 
the Fifth, as the harmonics which coincide are now the 3rd 
of one senes and the 4th of the other 
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In tlae case of the Major and Minor Tlurds and Sixths the 
Intel vals are very weakly defined, as the lowest coinciding 
harmonics are too high in the senes to he of much con- 
sequence These intervals can he mistuned to a considerable 
extent ivithout suffering much in consonance, and on modem 
instruments they do m fact difler appreciably from the true 
intervals 

We see then that not only does the quahty of a note 
depend on the presence of its harmonics, but also that the 
precision with which interi als must be tuned to avoid beats 
depends on these harmonics 

270. Tome rolsitionslnp. Modem music depends 
largely for its efifect on the relation of the various notes to 
some one note which is called the Tonic The tonic is what 
one might term the centre of gravity of the music After a 
few notes of a melody have been sung, or still more noticeably 
after a few chords of harmony have been played, one feels 
that the music centres round some tonic. The melody usually 
comes to an end on the tonic, and the last chord is almost 
invariably a major or minor chord with the tome as its 
lowest note This is so very commonly the case, that one is 
hardly e\ er led astray by taking the last note of the bass as 
the tonic of the piece The close is more marked and feels 
nioie restful when both the melody and the bass part end on 
the tonic If the composer adopts some other ending, it may 
generally be taken to be due to his wishing to secure a less 
restful finish A melody sometimes ends on the thud or 
fifth above the tome, and the peculiar effect of such an 
endmg accentuates the feehng of tome relationship Smee 
then the tonic relationship occupies such a prominent place m 
modem music, it may be anticipated that anything which 
weakens one’s appreciation of intervals will detract from the 
effect of the music This is the case when pure tones are 
, used The tonic is identified by the intervals between it and 
the other notes of the scale, and the appmciation of these 
intervals is less precise when the higher barmomes are weak 
or absent 

There is an instrnment called the Ocarina which produces 
notes exceptionally iree from harmonics. Anyone who, like 
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the -wnter, has had the oppoi tiinity of lieanng a quartet of 
four Ocarinas, will understand why such instruments are not 
used in the orchestra The general effect is soft and smooth 
and for a short time is pleasant, bub it very soon becomes 
monotonous The harmony is quite colourless, and does not 
seem to be marie much worse when, as is often the case, the 
notes are out of tune A similar effect is noticed when a hymn 
tune IB played on the organ on some stop such as a Stopped 
Diapason, which gives notes that are nearly pure tones The 
music sounds woolly and indefinite, not so much from the 
special quaUty of the notes, as from a feelmg of want of 
definiteness in the intervala 

In the Mixture Stops of an organ each note has one or more 
additional pipes, which are tuned to the octave, twelfth, etc. 
of the note. Such a stop cannot w eU bo used alone, but is 
most useful with the Full Organ, and especially in accompany- 
ing congregational singing, for by strengthening some of the 
hai monies it accentuates the relationships of the notes to 
each other, and makes it easier for the singers to keep in 
tune. 

271 Advantagres of fhe diatonic scale. In 
Chapter I we described the musical scale known as the True 
or Diatonic Scale, and gave the vibration ratios for the 
mtervals included in the scale This scale, or a scale 
approximating to it, has been in use amongst European 
nations for many centunes, and its origin is unknown We 
have seen that the intervals which are found in the scale can 
be obtained by the subdivision of a string, and it is possible 
that the scale took its nse from this fact, for the ancients 
were acquainted with the natural tones of vibrating strings 
Wliatever may have been its ongin, the scale has survived to 
the present day, and there can be no doubt that the reason 
for Its survival is that no other scale is so well fitted to 
provide harmonious combinations 

The following method of deriving the scale by combining 
the most Consonant intervals shews its advantages from the 
point of view of harmony, but it is not suggested that it took 
Its nse from any such considerations 

Suppose we wish to build up the scale on the note 0 
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Add to C the notes which make the best consonances with it, 
namely, the Fourth, the Fifth, and the Octave, and call these 
F, 6 and c resjjectively We have now the following notes 
in ascending order of pitdi 

C F G c 


If the frequency of the lowest note is taken as uni(y^ the 
frequencies of the other notes will be given by the numbers 
placed below them 

We saw that the best combination of three notes is the 
Major Triad Let us then place a Major Triad on each of the 
notes C, F and G, and see what new notes are introduced 
It does not matter which form of the Major Tnad we use 
The result will he the same whether we use the fundamental 
form or either of its inversions Taking the fundamental 
form, and remembering that the fiequencies of the three notes 
are m the ratio of 4 5 6, we get for the tnad on 0 the 
frequencies 1, 5/4 and 3/2 For the tnad on F we get 4/3, 
5/3 and 2, and for the triad on G we get 3/2, 15/8 and 9/4 
Now arrange all these notes in order of frequency, bruiging 
the note 9/4 down an octave, so as to bring it between C and 
c We have then the following scale 


ODE 


9 6 

8 4 


9 

8 


F G 
4 3 

3 2 

9 15 8 9 

Fig 115 


A B c 
3 8 ^ 


9 

8 


16 

15 


and this is the ordmary diatonic scale. The note C is called 
the tonic of the scale, and the fraction immediately below 
any note is the vibration ratio of the intenal formed by that 
note and the tome The lower low of fractions is got by 
dividing each fraction in the upper row by that on its left, 
and gives the vibration ratios of the intervals between the 
pairs of consecutive notes of the scale; 
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This scale, modiGcd soraewhat to meet the exigencies of 
modem music and instruments, is in almost universal use by 
civilized nations Ono or two other scales such as that of 
the Scotch Bagpipes, ha\o sutiued from fomici times, hut 
they are quite cvcoptional, and pci haps owe such charms 
as they possess to the contrast they piesent to the superior 
sweetness of the more familiar scale 

So long as music is used only for melody, it is of no great 
consequence iiliat scale is used Some music loiing though 
half-civilizcd nations have m fact no fixed scalo at all Their 
vocal music is onlj an accentuated form of speaking, the 
voice nsmg and falling not by fixed steps, but by a continuous 
glide- When once haimony is intiodiiccd, a definite scalo is 
required, and the diatonic scale was generally adopted long 
before Helmholtz slicwcd why it is so much bettor fitte<l than 
any other to proiide consonant harmonics 

The intervals between consccutno pairs of notes are of 
thi-ec kinds, the Major Tone 9/8, the jMinor Tone 10/9 and 
the Semitone 16/15, and the intervals must ho arranged m the 
order shewn in Fig 115 to give a true diatonic scale 

Endi of the notes has received a name whicli indicates its 
relationship to the tonic These names arc as follow s 

0 Tonic G Dominant 

D Supci tonic A Suhniodmiit 

E M^innt B Lending Note 

P Subdominant c Octave 

These names are given not to notes of specified absolute 
pitch, but to notes making specified intervals with the tome 
If a diatonic scale is built up on tlio note D ns tonic, tlio 
subdominant, for instance, will now be G, a fourth above D 

272. Modulation. Defects of the Diatonic Scale 
A characteristic of modern music is that it frequently modu- 
lates or changes its tonic A composition may begin with 
C as tome, and presently change into the key of G, that is 
to say It now lequires a diatomc scale with 6 as the tonic. 
Let us find whether the diatonic scale of 0, when extended 
in both directions by raising or lowering all its notes by ono 
oi more octaves, will piovide tho notes required for a diatonic 
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scale wth G as tome Keeping to the scale of frequencies in 
which the frequency of C is represented by unity, we hai e 
3/2 for the frequency of G, and this must be multiplied by 
each of the fractions m the middle hne of Fig 115 in turn to 
give the frequencies of the notes required for the Diatonic 
scale of G Without needing to perform the multiplications, 
we can see at once that some extra notes will he needed 
The interval from tonic to supertonic- is 9/8, whereas the 
interval from G to A is 10/9, which is a smaller interval than 
9/8 Hence for the supertomc of G we need a new note 
a little sharper than A The note B will serve as the 
mediant of G, since it is a true Major Third above G Also 
c will serve as the subdominant, as it is a fourth above G 
Similarly, if D and E are raised an octave, they will serve as 
the dominant and submediant of G , but F is much too flat 
to serve as the leading note It should be 9/8 above the 
Bubmediant, whereas it is only 16/15 above 

Thus the transposition to G os tome requires the addition 
of two new notes to the scale Similarly to give a true 
diatonic scale on F as tonic we shall require again two new 
notes, one of them a semitone above A, and the other a little 
flatter than D If we proceed in the same way to take all 
the other notes m the scale of O as tonics, we shall introduce 
other new notes It is found that eleven such notes have to 
be added to those belongmg to the key of 0 in order to 
provide a diatonic scale with each note of the key of C as 
tonic Nor is this the end of the matter The Minor Keys 
have to be provided for, and this again requires additional 
notes, for the Minor Scale of C for mstance requires a minor 
third, a minor sixth and a minor seventh Further, modem 
music often requires “accidental” notes, a semitone above or 
below the notes of the scale, and the same note will not serve 
both for CS and Db, for instance, for two semitones of the 
diatomc scale do not make a tone Moreover it must be 
possible to take any one of these accidentals aa the tome of 
a diatonic scale 

Thus it will be seen that to- provide for all these con- 
tingencies a very large number of notes will be required in 
each octave This causes no difficulty with unaccompanied 
vocal music, foi the voice can adjust its pitch so as to give 
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true intonation in any key, and tlie same is true of such 
instruinents as viohns and trombones, ■which have no fixed 
keys, the pitch of each note being determined by the per- 
foimer Instruments such os the pianoforte the organ, and 
most of the orchestral wind instruments, which have fixed 
keys giving notes of definite pi'tches, are m a different 
position The performers on such instruments cannot adjust 
the pitch of each note to true intonation They must take 
the pitch provided for them by the instrument maker or tuner, 
and it IS plainly impracticable to have a great number of keys 
in each octave 

273 Temperament Consequently a compromise has 
to be effected The notes in each octave are limited to such a 
number as is found practicable, and some of the intervals are 
altered a little from the true diatonic intervals, so as to make 
it possible to modulate ■without departing greatly from the 
diatonic scale 

The number of notes to the octave is twelve for all 
instruments in ordinary use at the present time. On the 
pianoforte the white keys give a sc^e not much different 
from the diatonic scale, and five black keys are added, which 
give notes dividing the intervals of a tone into two semitones, 
dilTenng a little from the true diatonic seuutonea 

In discussing methods of tuning it is convenient to 
make use of a smaller interval than any we have employed 
hitherto The interval generally used is called the Comma, 
and IS defined as the difference between the Major Tone 9/8 
and the Minor Tone 10/9 Its vibration ratio is therefore 
9/8—10/9 or 81/80 This is about a fifth part of a semitone 
A still smaller interval named the Cmt is also often used 
The cent is the 1200th part of an octave, or, since there are 
on the usual system of tuning 12 semitones m an octave, it 
IS the 100th part of a semitone 

Only two methods of tuning, or Temperaments, as they 
are called, have been used at all extensively, and one of these 
IS now practically extinct 

274 Mean-tone Temperament The Mean-Tone 
Temperament was in common use in organs untd 50 years 



272 - 275 ] 


SCALES TEMPERAMENT 


247 


ago As it lias now been displaced by Equal Temperament, it 
is not necessary to give any lengthy account of it 

If we tune upwards four true fifths from C, we reach a 
note which is a comma above the true E Each nse of a 
fifth increases the vibration latio by the factor 3/2 Hence if 
the frequency of C is called unity, that of a note four Eifths 
above C is 1 x 3/2 x 3/2 x 3/2 x 3/2 or 81/16 To reach the 
note E which is- nearest to the note four Fifths above C 
we must nse two octaves and a major third. Hence the 
frequency of this note E is 1 x 2/1 x 2/1 x 5/4 or 20/4 We 
find then that the interval between the untrue E and the 
true E IS 81/16—20/4 or 81/80, which is a Comma The 
untrue E can be made to coincide with the true E by reducing 
each of the fifths by a quarter of a comma, and this flattened 
fiftli is the basis of the Mean Tone system Briefly stated, 
the scale is obtained by rising or falling repeatedly by two of 
the flattened fifths, and returning by a true octave, until a 
sufficient number of notes have been obtained within the 
compass of an octave. The mam feature of the scale is thal^ 
if onlj keys not far removed from 0 are used, such as 6, F, 
BP, D, the fifths are all a quarter of a comma flat, the major 
thirds are true and the mmor thirds are a quarter of iv 
comma flat 

These divergences from true intonation are not very 
noticeable, and therefore the scale has a good effect m these 
keys When however we modulate into keys such as Fj^ or 
B, which are remote from O, in that they require the use 
of many of the black keys of the pianoforte, the intonation is 
so untrue, that such keys are called “ wohes^” and cannot be 
used The Temperament receives its name from the fact that 
each tone m the scale is the same, and is the mean of the 
major and mmor tones 

275. Squal Temperajnent Modem music demands 
free access to all keys, and therefore the Mean-Tone Tempera- 
ment, which permits of modulation into only a few kejs, has 
given place to Equal Temperament. In this ^stem the octave 
is divided into twelve equal intervals called Equal Tempera- 
Semitones It is clear, then, that whatever may be the 
defects of the scale of C, they will be exactly the same in the 
key of G J or any other key, for to reach any key we raise each 
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note of tbe key of 0 by the same number of equal semitones 
Thus all the keys are equally good or equally bad, and 
modulation makes no change in tbe consonance 

The Equal Temperament Semitone is an interval which 
gives an octave when added to itself twelve times If therefore 
its vibration ratio is pjg, the fraction pjg multiplied by itself 
12 tunes must make 2, or {pjgY' — 2 This is easily solved by 
the use of logarithms, and it is found that pjg or 1^2 is a 
httle less than 1 06, or expressed as ratio it is nearly 106 100 

On the piano oi any instrument tuned to Equal Tempera- 
ment, twelve Bfths make seven octaves In true intor-''-v 
the vibration ratio for an interval made up of twelve fifths is 
(3/2)“, and that of an^terval of seven octaves is (2/1)^ The 
latter of these is "fearer than the former in the ratio of 
531441 to 524288, ■“Snd^therefore the Equal Temperament 
fifth 18 flatter than the tiue fifth by one twelfth of the 
interval defined by this ratio Expressed in terms of the 
comma the Equal Temperament fifth is one eleventh of a 
comma flat 

Similaily three Equal Temperament major thirds make 
an octave, whereas three true major thirds make the interval 
(5/4)* or 125/64, which is less than an octave. Hence the 
Equal Temperament major thud is sharper than the true 
major third The diflerence is 7/11 comma. 

The diveigences of the Consonant Intervals in Equal 
Temperament from those in true intonation are shewn below 


Octave 
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Minor Third 

8 

11 
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7 

11 
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99 
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It 18 seea then that in present-day music no intervals are 
true except the octaves, and the thirds and sixths differ 
quite conspicuously from the true intervals Hence according 
to Helmholtz’s theory the adoption of Equal Temperament 
must have mtroduc^ into music dissonance which would 
not be present if true intonation were used This conclusion 
deserves a httle consideration 

In the firat place Equal Temperament tampers with just 
those intervals which can best stand it The octave is very 
closely hedged in by harmonics, which beat strongly, if there 
IS mistuning Consequently, every Temperament is compelled 
to keep the octaves true A mistuned octave would not be 
tolerat^ in music The fifths aie the next in order of 
closeness of definition, and in Equal Temperament they are 
only 1/11 comma fiat. The beats due to this mistumng are 
not so rapid as to be senously unpleasant It is the thirds 
and sixths which suffer most in Equal Temperament, and we 
saw that these mtervaJs are only feebly defined, so that we 
can tolerate more mistumng in their case than we could in 
the case of the fourths and fifths 

Helmholtz’s Theory is a physical theory which aims at 
explaimng the physical property of smoothness of concords, 
and does not necessaiily arrange the concords in their order of 
desirability from an aesthetic point of view The major 
third on his theory is much inferior to the fifth or octave , 
yet musically it is more agreeable The absence of a thud 
in a chord makes it thm and uninteresting, and it is a general 
though not mvanable rule m Harmony to include a third in 
every chord Moreover, actual dissonances such as the major 
and minor nmth are often introduced with excellent effect 
Thus we may conclude that smoothness is not the only 
desimhle feature of a chord in music 

Our appreciation of Tempered Intonation is no doubt 
largely a mattei of education As Donkin says, “the whole 
structure of modern music is founded on the possibility of 
educating the ear not merely to tolerate oi ignore, but even 
in some degree to take pleasure in slight deviations from the 
perfection of the diatonic scala” 
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276 Classification of Orchestral Instruments. 

"We shall not attempt to give a complete account of the 
construction and use of musical instruments, but shall merely 
touch on such points as afford illustrations of the Acoustical 
Theoiies developed in the preceding chapters. 

The instruments in common use in the Orchestra may be 
divided into four main classes, Stnngs, Wood-Wind, Brass, and 
Percussion AVe shall treat them in this order 

Tlie Stnngs may be again subdivided into (1) the 
Pianoforte and Harp, where the vibrations are produced by 
stnking or plucking the strings and (2) the Violin class, where 
the stnngs are bowed 

277 The Pianoforte In the pianoforte the stnngs 
are stretched on a wooden or metal frame, and a thin wooden 
sound-board is fixed to the frame As has been said pre- 
viously, if the stnngs were fastened to a ngid frame without 
a sound-board, very little sound would be given out The 
sound-board must not be regarded as a resonator Its 
vibrations are forced and it owes its efficiency merely to its 
large surfaca It has of course natural tones of its own, but 
the damping is so great that after a very few vibrations its 
natural vibrations become inappreciable, and nothing remains 
but the foiced vibrations 

Each note has from one to three stnngs When there are 
more than one, the stnngs are tuned in unison with each 
other We saw in Chapter III that the pitch of a stnng can 
be altered by changing its mass, length or tension and all 
three methods are employed in the pianoforte. The bass 
strings are several feet long, wlnlst those at the treble end 
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arc only two or three inches long Further, the hass strings 
are weighted by one or more layers of wire twisted round 
them This is better than merely using a thicker string, 
as it does not interfere so much with the flexibihty The 
strings are made longer and heavier in the bass in order 
to erjuahze the tension H the strings were of the same 
length and density throughout, the tension in the treble v» ould 
have to be much greater than m the hass A pianoforte has 
generally a range of about 7 octaves With this range the 
highest note has a frequency 128 times as great as the lowest, 
and if this were to be secured merely by (hfference of tension 
the highest string would have 16,384- times the tension of the 
lowest This IS an impracticable range, for, even though the 
upper strings had such a tension that they were on the point 
of breaking, the lower strings would be so slack that they 
would give a very poor and weak note. 

The strings are struck with hammers covered with felt 
We saw that, when a string is struck, no harmonic is present 
that requires a node at the point struck, and also that a strmg 
gives a more metallic tone when struck near the end than 
when struck near the middle It has often been stated that 
pianoforte strings are struck one seventh of their length from 
the end in order to get nd of the seventh harmonic, which is 
the lowest that falls out of the musical scale. It is in practice 
seldom that a string is struck so far from its end as one 
seventh , a more usual position is one eighth or one ninth 
from the end The treble strmgs are struck still nearer the 
end, for their stifihess hinders the formation of the higher 
harmonics, and their quality would be different from that of 
the lower strings, if the production of the higher harmomes 
were not encouraged by the nearness of the point struck to 
the end. 

The quality of the note is also mfluenced by the shape 
and hardness of the hammer A hard hammer and a narrow 
stnking surface both favour the production of high harmomes, 
consequently narrower hammers are used for the treble in 
order to equalize the quahty 

Each maker adopts the pomt of striking and the kmd of 
hammer that he has found by expenence give the quahiy he 
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desires The differences between the instruments of diffeient 
makers depend largely on the choice of hammers and striking 
points 

278. The Harp Much of what has been said of the 
pianoforte applies also to the harp The bass stiings are 
weighted, so that the tensions may be equalized The sound- 
board 18 much smaller than in the piani^orte and the sound 
18 consequently weaker The stnngs are usually plucked not 
far from their middle pomts and the note is theiefore soft and 
somewhat dull from the weakness of the higher harmonics 

/ *279 Motioii of a Violin string'. The Vibration 
IXCicroscope The Violm, Viola, Violoncello and Double 
Bass are alike m prmciple, differing merely in size In all 
these instruments the stung is m^e to vibrate by being 
bowed The motion of a -violm string under the action of the 
bow has been investigated experimentally by Helmholtz by 
the use of the Vibration Microscope. Briefly stated, the 
pnnciple of the vibration microscope is as follows A tuning- 
fork, whose pitch is the same as that of the string, has a lens 
fixed to one of its prongs, and is placed so that the vibrations 
of the lens and those of the string are in directions at right 
angles to each other A gram of starch is fastened to the 
string If now the fork is made to vibrate, the image of the 
gram will vibrate, and a person looking at the giam through 
the lens will see it draAvn out into a short line. If the strmg 
IS vibrating and the foi k at rest, the grain ■will be seen drawn 
out mto a hne at right angles to the former If both fork 
and strmg -vibrate the two separate motions of the image are 
compounded with each other, and a Lissajous’ Figure is seen 
The vibrations of the lens are simple harmonic, those of the 
string are periodic but not simple harmonic Consequently 
the figure will not resemble any of those shewn in Ohaptei H, 
since those figures were drawn for the case in which both 
Vibrations are simple harmonic 

The general form of the figures seen by Helmholtz was as 
shewn by the curve at the top of Pig 116 Here the fork is 
describing simple harmonic vibrations in a horizontal diiection, 
and the string is vibratmg m a vertical direction, the folk and 
stnng being m unison. It remains to deduce the relation 
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hetm&sa. ibs oisplacemsnt o£ the string ajid tfee time. This is 
readiiv done, as the knoim mode 
of Tibratioa of the fork provides 
ns isath a time sca5e in the 
horizontal direction. At a cer- 
tain. moment, for instance, the 
displacement of the spring at the 
point vre are ohsemng is ai op- 
vards, and the moment at which 
the displacement has that value 
can be detfirminsd from the 
disnlacement oa of the fork at 

a. 

the same moment. 

Draw a drcle with its centre 
anywhere in the vertical hne 
through 0, the centre of the 
li^jons" Figure, and with a 
radius equal to the amplitude of 
vibration of the fork. Divide 
the drcamference of the circle 
into any number of equal parts, 
and through each of the points of 
diviaon draw a vertical lin& In the figure there are 16 
sections, the points of division being numbered fixun 1 to 16. 
The point numbered i is for coaveaience chosen so as to lie 
vertifially under one of the points where the lassajoa^ Figure 
cats the horizontal line thrxju^ O. The vertical lines vrfll 
mark a scale of equa* time intervals on the horizontal line 
through 0- The numbers on the curve ^ew the positions of 
lie tracing point of at the ends of succesave equal 

interrals of time. 

3sow take a straight line ihvided into 16 equal parts as in 
Fig. 117, and at each dividing podnt draw an ordinate equal 
to the ordmate cf the Xass^oUi’ Figure at the point with a 
corregjonding number, and draw a smooth curve throu^ the 
ends of the ordinates. The curve is found to consist of 
straight lines meeting at angles with each other. 

This curve does not shew the shape of the string, hut the 
displacement of one particular point of the string at odSerent 
times. The tai^nt of the angle between the curve and the 
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y-Tis at aajr point is the ratio of a change of displacement to 
the time interrsl in vhich that change takes placei, or is the 
velocity of the point of the string Consequently a strai^t 
line represents nmiorm veloaty, and vre see that any point 
of the string moves mth uniform velocity dorarwar^ then 
changes its direction of motion soddenly and moves vrith 
umforra velocity upwards, and so on. The to and fro 
veloCTties are the same only at the centre of the string, thqr 
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di^r from each other the more, the nearer the point ohsen ed 
is to the end of the string. TTelmhoItz fonnd that at anr 
moment the string takes the form of tvo straight lin« 
meeting at an angle. The angle is not alivays at the same 
point of the string, bat travel back and forwards along a fiat 
carve, which passes through the ends of the string. When 
the angle is toveDing m one direction it is above the 
eqmlibnnm position of the siring, and when travelling m the 
other direction it is below it, 

^ 280 . Action of the Violin Bow. The action of 
the bow in exciting vibrations in the stnng depends on the 
difference between static and hinetic friction. When tiie string 
and bow are at rest relatively to each other, the friction m 
greater than when there is relative motion. The bow moves 
's^th unfform velocity, and carries the string forward with 
the same vdocitv Presently the force of rstitution becomes 
w gr^t the string breaks away from the bow, and 
Helmholtzs experiment shews that H rernrns also with 
nmiorm velocity. When it reachs the end of its swincr and 
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stops, another part of the bow grips it, and carries it forward 
again, and so on. 

281. Quality of the note of the Violin It will be 
seen that the vibrations are not at all like simple harmonic 
vibrations The string does not slow down gradually as it 
reaches the end of its swing, but changes suddenly from an 
outward uniform velocity to an inward uniform velocity A 
vibration of this kind requires a large number of terms of the 
Fourier senes to express it, and the note of a viohu has 
therefore a large retinue of harmonics Helmholtz considers 
that the cutting character of the note is due to the strength 
of the sixth to the tenth harmonics as compared with those 
of other instruments The nature of the vibrations is not 
much affected by the position of the point that is bowed 

282. Production of Uie Scale on a Violin. The 

lower stnngs of a violin ai-e heavier than the higher stnngs, 
for the reasons given when we spoke of the pianoforte The 
stnngs of the viohn hke those of all other stringed instru- 
ments are tuned by alteration of their tension They are 
tuned to the notes g, d*, a', e®, making fifths with each other, 
and it 18 to be noticed that if the i^hs aie tiiie, it is not 
possible to play an equally tempered scale on the instrument 
making use of the open stnngs, for all the fifths on the 
tempered scale are 1/11 comma flat The point has merely a 
theoretical interest, for 1/11 comma is too small an interval 
to be of practical consequence 

The notes intermediate between those to which the stnngs 
are tuned are obtained by pressing the strmgs against the 
finger-board with the fingers, and so shortenmg the stnngs by 
the required amount On some stringed instruments, such as 
the banjo, small raised strips of metal or ivory called Fiets 
are fixed across the finger-board at the points to which the 
stnngs are to be shortened for the vanous notes of the scale. 
Tliese frets make the instrument easier to play, but they have 
the disadvantage that if one of the strmgs is out of tune, all 
the notes produced from that string must be out of tune, 
whereas if one strmg is out of tune on the violin, the player 
can adjust the pomt of Stopping, so as to bnng all except the 
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open note into tune, and the note that should he given by the 
open string can be obtained from the string below 

The peculiar shape of the body of the viohn is beyond the 
reach of theory It was arrived at by experience and has 
remained practically unchanged for 200 years. 

283. The Wood-Wind Instruments The Wood- 
Wind consists of two classes The first class contains the 
Flutes and the second contams the Keed Instiniments, such as 
the Hautboy, Clarmet and Bassoon 

284 The Flute The Flute is made in various sizes, 
the best known varieties being the orchestral flute, the 
mihtary flute and fife, and the piccolo The piccolo is the 
instrument of the highest pitch used in music Each of these 
instruments consists of a tube closed at one end In the side 
of the tube near the closed end is a hole across uhich the 
player sends a sheet of air from his lips and so produces the 
sound, the vibrations being set up in the same way as m the 
flue pipes of an organ The flute then is analogous to an open 
organ pipe, and gives the full senes of harmonic overtones. 
Flutes were formerly made with the bore of the half of the 
tube nearest to the open end slightly conical, the narrowest 
pait of the cone being at the open end The conical bore is 
still used in military flutes, but orchestral flutes are now 
always made with a cylindncal bore. The bore near the 
mouth hole is commonly slightly contracted m the form of a 
paraboloid 

285 The Finger Holes In the half of the tube 
farthest from the mouth are six holes which are used for 
forming the scale. In the so-called eight-keyed concert flute 
these holes were covered with the fingers In the Boehm 
flute and others of modern make they ai e covered by padded 
keys, which are pressed down with the fingein. When all the 
boles are closed, the flute gives the note of an open pipe 
whose length is the distance between the mouth hole and tlie 
open end. If the holes weie as large as the bore of the tube, 
they would reduce the efieotive length of the pipe to the 
distance between the mouth-bole and the highest hole left 
open, and the distances of the holes from the mouth would 
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have to be inversely proportional to the frequencies of the 
notes of the scala It is not practicable to make the holes so 
large as this If they are above a certain size they are not 
easily covered, and the notes produced are unmanageable In 
the case of the eight-keyed conceit flute the holes were jnuch 
smaller than the bore When the holes are small the notes 
of the instrument are weak, and it is largely for this reason 
that in modern flutes the holes are covered by keys, and can 
therefore be made largei than is possible when they are 
covered by the fingers It is claimed also for the Boehm and 
other similar flutes that the holes can be placed more nearly 
in their theoretically correct positions, as the fingers need not 
be directly over the holes, but can open and close them by 
means of levers 

A simple experiment will shew that the part of the tube 
below the highest hole open is not without effect on the pitch 
of the note The experiment can be made with a tin whistle 
Cover the two highest holes and blow the whistle Now cover 
also the three lowest The highest hole open is the same as 
before, yet the pitch is lowered a little Thus it appears that 
the tube is not completely cut off at the highest open hole 
A warning should be given that the experiment will not 
generally succeed if the highest hole is left open and the 
remainmg five alternately opened and closed In this case 
closing the lower holes can with great care in blowing be 
made to lowei the pitch, but it will generally raise it a 
semitone When all the holes are open, the pipe between the 
mouth and the highest hole gives its fundamental When 
all the holes except the highest are closed, we shall almost 
certainly get the first overtone of the full length of the 
pipe, which IS a semitone above the note given out when all 
the holes are open The firat overtone has an antinode m the 
middle of the pipe, and a node a quarter of the length from 
each end If all the holes are open, we cannot have a node 
in the lower half of the pipe The only possible position for 
a node is m the closed upper half When all the holes but 
the highest are closed, it is almost impossible to prevent the 
formation of an antinode at the middle of the pipe, since that 
point is connected with the open air through the highest 
hole As It IS now possible for a node to form in each half of 
the pipe, the first overtop? of tho whole pipe is produced 
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286 The Flute regcurded as a Resonator As a 
first approximation we can legard the flute as a pipe whose 
length can be varied, but this will not explain the whole o£ 
the details of the construction The holes are not arranged 
so that their distances from the mouthpiece are inveisely 
proportional to the frequencies of the notes produced, and they 
are not always all of the same size 

We can get a step farther in the explanation by looking 
on the flute as to some extent analogous to a Helmholtz 
Resonator, whose pitch can be raised by enlarging the 
opening TJncovermg the holes of a flute is equivalent to 
enlarging the opening of a resonator, and the larger a hole is, 
the greater is ite effect in raising the pitch The part of the 
tube in which the holes are open is not quite freely open to 
th6 air, and is therefore not quite without effect on the pitch 
of the note given out This explains why it is not a matter 
of indifference whether the holes below the highest open hole 
are open or closed Closing them reduces the connexion of 
the whole interior with the open air, and so lowers the note 
It is siimlar in effect to shading the open end of an open 
organ pipe 

We can now understand why the holes may, within 
limits, be made in any positions convenient for the fingering 
If when so ai ranged they do not gi\e a true scale, they can 
be altered in size so as to correct the errors 

With merely six holes as described, the flute will give a 
diatonic scale extending over about three octaves. For the 
lowest octave the fundamental of the pipe is used, for the 
second octave the first oi ertone an octave higher is used, and 
for the third octave the overtone two octaves above the 
fundamental is used The semitones intermediate between 
the notes of the scale are produced by means of holes covered 
by keys, which can be opened when requiied 

An open hole prevents the formation of a node in its 
neighbourhood, but favours the formation of an antinode 
Cross fingermg is an apphcation of- this principle to the 
production of certam high overtones. The holes near the 
points where nodes are situated in the particular form of 
vibration required aie closed, whilst the holes near the 
antmodes are left open 
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The note of the flute is almost free fiom the higher 
harmonics The octave is faintly audible, but no others 
Consequently the note has a smooth quality which contrasts 
well with that of the violins and reed instruments 

287. The Ocarina In an earlier chapter we men- 
tioned an instrument called the Ocanna It is not used m 
the orchestra, but is worth a short descnption, as it is a 
simple resonator in principle, with none of the characteristics 
of a pipe 

The Ocanna is a hollow pear-shaped instrument generally 
made of metal ^ is a flat tube by which a sheet of air is 



blown across a hole not seen in the hgure, and the instiument 
made to give out a note. On the front are eight holes which 
can be covered by the fingers, and on the back are two holes 
for the thumbs The scale is produced by uncovering the 
boles one after the other The interesting point about the 
instiument is tbat the positions of the holes are of no con- 
sequence All that matters is their size or more strictly their 
conductiiity Choose two holes of the same size, and open 
first one and then the other They will be found to have the 
same effect in raising the pitch wherever they are situated 
The instrument has not a vibrating column of air with nodes 
and antmodes, but merely a mass of aii which is alternately 
compressed and rarefied, and the pitch depends only on the 
volume of the air and the total conductivity of the openings 

288. The Clarinet. We come next to the reed 
instrument^ coropnsing the dannet. Hautboy and Bassoon, 

17—2 
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■with some others m less general use, such as the Basset Horn, 
Cor Anglais, Double Bassoon, Saxophone, etc 

The Claiinet has a cylmdncal tube spieading out into a 
small hell at one end, and closed at the other end by a single 
reed of cane, heating on a rectangular opening in the side of 
the mouthpiece We have alieady explained the action of a 
reed in Chapter X, and have sheivn that the reed end of a 
pipe 18 to be treated as a closed end The clarinet therefore, 
being a closed cylindrical pipe, gives only the odd harmonic 
ovei tones 1, 3, 5, etc When overblown its note rises a 
twelfth, unlike that of the flute which rises an octave 

The notes of the scale are produced by opening in turn a 
senes of holes in the side of the tube, but os it is necessary to 
cover a range of a twelfth before beginning again with the 
first overtone,_^key8 are provided for giving a few notes below 
and above those obtained by the use of the holes A clannet 
m BI> gives the note F when all the fingei holes are closed, 
hub E, E^>, and D can he got hy the use of keys, which cover 
other holes below the lowest of the finger holes Similarly 
when all the finger holes aie open the note given out is F an 
octal e above the former, and keys above the highest hole 
enable the playei to produce Fjf, G and Gjf Thus by the 
use of the keys and holes the tube, whilst al'w ays sounding its 
fundamental, can be alteied in length so os to give a scale 
extending over a semitone less than a twelfth Now return 
to the fingering used for the lowest D, but make the tube give 
its first overtone, and we get the note A a twelfth higher 
We then get by repeating the formei fangeiing a scale in which 
all the notes are a twellth higher than in the lower register 

Throughout the upper register a key called the Speaker 
Key IS used to facilitate the formation of the first overtone 
In the lower register there is a node at the reed and an antmode 
somewhere near the highest hole that is open In the highei 
register there is a second node between the antinode at the 
highest open hole and the reed, and a second imtinode between 
this second node and the reed The speaker key opens a 
small hole near this second antmode and encourages its 
formation As a smgle speaker key has to serve throughout 
the register, it cannot be exactly at the antmode for every 
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note of the register, but it is sufficiently near to ensure the 
production of the first overtone of the tube 

Most of what was said of the production of the scale on 
the flute applies also to the clarinet The uitermediate 
semitones are provided by means of additional keys, and 
cross fingering is employed for the highest notes for leasons 
already explained 

As the proper tones of the clarinet form the odd senes of 
harmonics, none but the odd harmonics aie conspicuous m its 
note, and this is the mam cause of its characteristic quality 
The even harmonics are not quite absent, for the periodic 
current of air from the reed contams the whole senes, and 
the even members set up weak forced vibrations in the 
column of air 

The pitch of the clarmet depends almost entirely on the 
length of the tube The reed has a natural frequency de- 
termined by its mass and elasticity, but its mass is so slight 
that it is constrained to vibrate with the frequency proper to 
the column of air 

Clarinets are made in a vanety of pitches Those in 
common use in the Orchestra are in A, bI^, 0 The Basset 
Horn, a fourth below the Bt> Clarmet, and the Bass Clarinet, 
an octave below the Bt>, are also sometimes used 

289 The Saxophone The Saxophone is a brass 
instrument resembling the Clarinet m the form of its reed, 
but it has a conical tube, and therefore has the full series of 
harmomc overtones Its fingermg is similar to that of the 
Flute. It IS seldom heard m this country, but is m common 
use m military bands on the Contment 

290 The Hautboy The Hautboy bas a comcal 
bore, and the sound is pioduced by a double reed Two thin 
pieces of cane slightly curved are bound together with their 
concave faces towards each other, so that there is a narrow 
lenticular openmg between their edges, when they are at rest 
"When they are made to vibrate by the pressure of the air m 
the player’s mouth, the lenticular space alternately opens and 
closes, thus admitting pufis of air mto the tube The reed is 
placed at the vertex of the cone formed by the bore of the 
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tube, tho base of the cone being at the open end of the 
instruments 

In consequence of its conical bore the hautboy gives 
the full harmonic scries of overtones Hence tho arrange- 
ment of tho holes and kcj s and tho fingering arc the same ns 
foi the flute 'Plie notes of the hautbo}' are v cry penetrating 
in quality on account of the strength of their higher harmonics 

291. The Bassoon The Bassoon is merely a Boss 
Hautboy Its length is so great that for the convenience of 
the performer it is doubled on itself, and the reed is placed 
at the end of a short side tube. In consequence of the great 
length of the tube tho holes nic bored obliquely through the 
wo^, so that whilst their outer ends arc close enough together 
to be easily reached with the fingei-s, their inner ends are 
widely enough separated to give the notes required In otlicr 
respects tho bassoon resembles the hautboy The reed is 
double and tho bore of the tube is conical The overtones 
form the full harmonic senes 

292 Tuning the Wood-Wind The range within 
which It IS possible to alter the pitch of an instrument of the 
■woodwind class to bnng it to tho pitch of a pianoforte or 
other instrument is very limited The pitch of a flute, for 
instance, can bo lowered by drawing out tho joints a little, 
but this puts tho notes of the scale out of tune with each 
other The spacing of the holes is arranged to give the 
pioper intervals when the tube has its noimal length with all 
the joints pushed close When the pitch is loweied, tho 
section between every two holes should be lengthened in the 
same pioportion asthe whole tube is lengthened, if the relative 
dimensions of the instrument and the lelative pitches of the 
notes are to remain unchanged Wlien the flute is flattened 
by drawing out the head joint, it is plain that the holes 
will be a little too close together to give tho correct intervals 
with the increased length 

There is no diflSculty in tuning the strings and brass by 
any amount that is likely to be needed and therefore it is 
usual to tune the orchestra to tho wood-wind instruments, 
when the pitch is not fixed by the inclusion of an organ or 
oforte The hautboj is generally chosen for this purpose. 
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but probably the clarinet would be better The flute and 
bassoon are what may be termed flexible instruments, that is 
to say, their notes can be modified a little in pitch by the 
player, and so brought into tune The flute player adjusts 
the pitch by covering the mouth hole to a greater or less 
extent with his lips, and the bassoon player by varying the 
pressure on the le^ The hautboy and clarinet are less 
flexible, and perhaps the clannet is the less flexible of the 
two Consequently these instruments sufier most in intonation 
when their joints are drawn out, and it is for this reason that 
one of them is chosen to give the pitch to the rest of the 
orchestra 

293 Standards of Fitch There are two Standard 
Pitches in use at the present time Up to the year 1896 the 
High or Philharmonic Pitch had been in use for many years 
This had a vibration number 452 4 for the note A at a 
temperature of 60* P In 1896 the Philharmonic Society 
changed their standard to what is known as the Low Pitch, 
and has a vibration number 439 at 68* P. In specifying a 
standard of pitch it is necessary to specify the temperature, 
for the standard is fixed mai^y for the guidance of the 
instrument makers, and mstruments vary in pitch with 
variation of temperature In fixmg the Low Pitch as stated 
above, the intention is that the makers should construct the 
instruments in such a way that at a temperature 68" P the 
note A shall have a vibration number 439 At any other 
temperature the instruments will not only have a different 
pitch but wdl also differ from each other, as different instru- 
ments vary in different ways with change of temperature, and 
they will therefore have to be brought into tune with each 
other by the use of the tuning appliances appropriate to the 
various instruments The temperature was hxed at 68* P as 
this IS an average temperature foi a concert room, and so 
entails the smallest amount of adjustment of the instruments 
The Low Pitch has been adopt^ by all the great London 
Orchestras, but the High Pitch is still used in mihtaiy bands 
and m most provincial oithestras The difference between 
the two pitches is not great, yet it is enough to make it 
impossible to use the same clarinet or hautboy for both Con- 
sequently, players who aie in the habit of using both pitches 
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nre compelled to have two instruments, one for onch pitch If 
it wore not for tins difficulty, it is piobnble that the Low Pitch 
would non be universal in this country Unfortunately the 
military bands have retained the High Pitch, as the expense 
of proiuding now instruments of Lou Pitch is too great 
As provincial orchestras are often dependent on the local 
military' band for {illing the gaps in then rinks, it would 
appear that we shall not have one standard of pitch in 
orchestras, until the military authorities can face the expense 
of pioMding new instruments 

294 The Brass Instruments Tlio Brass Instru- 
ments all consist of metal tubes of a more or less conical boro 
provided at the nanow end with a cup shaped mouthpiece 
The lips of the plaj ei are placed against the mouthpiece and 
by their vibrations produce the sound in the same way ns the 
voice IS produced by the vocal chords 

In all these instruments the aim of the maker is to pro\ ide 
the full senes of harmonic overtones Tlie overtones form the 
basis of the scale ns in the cose of the wood-wind, but much 
higher members of the senes are used The boms and 
trumpets, for instance, go as high ns the sixteenth harmonia 

295 Shape of the Brass Instruments. Though 
the bore it in general conical, it is by no means so regular a 
cone as the bore of a hautboy or a conical organ pipe 
Tlie bugle is a fairly regular cone, but the trombone is 
cyhndncal for two-thirds of its length, and spieads only 
in the lowest third All the instruments wmden rapidly at 
the open end to form a bell The positions of the nodes 
and the pitches of the overtones of such tubes cannot 
be calculated theoieticall}, and the makem have evolv'ed by 
experiment the shapes that are found to give overtones in 
accordance with the harmonic scries Their efforts are not 
always successful, and the difference between a good instru- 
ment and a bad one is laigely a difference in the accuracy of 
the pitch of the ov ertones The nodes vary in position 
accoHing to the overtone that is sounded If there is a 
constriction in the tube at some point, any overtone which 
requires a node at that pomt is a little sharp, and any over- 
tone which requires an antinode there is flat A bad bruise 
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m the tube may therefore hare the effect of putfiag some of 
the notes out of tune. 

296. Effect of shape on Pitch and Quality. As 
the shape of the bore of a brass instrument is not amenable 
to theoretical treatment, we can only mention a few experi- 
mental conclusions bearing on the relation of the shape to the 
quahty and pitch of the notes that can be produced 

"iiTien the tube is wide relatively to its length, as m the 
euphoninm, tuba, and other instruments of the Saxhorn 
group, the lower members of the harmonic senes including the 
fundamental are easily produced, and are of good quality. 
"When the bore is narrow, as in the horn and trumpet, the 
fundamental is difficult or impossible to blow, hut the higher 
members are easy The best range of the bom is from about 
the fourth to the twelfth harmonic 

A wide spreadmg hell, as m the horn, makes the tone 
smooth. A small bell, as m the trombone, conduces to a 
bnghter quality. Widening the bell beyond the size for 
which the tangent at the edge makes an angle of about 45*’ 
with the axis has no effect on the pitch, though it continues 
to make the notes smoother in qnalily. 

The shape of the mouthpiece has a great effect on. the 
quality of the notes. A shallow cup-shap^ mouthpiece like 
that of the trombone gives a bright tone A deep corneal 
moutbpieoe narrowing gradually from the run, like that used 
with the horn, gives a smoother tone 


29?. The Bugle. Some instruments, such as the 
Sugle, Post Horn, and the French Cor de Cffiass^ have no 
other notes than those of the harmonic senes All the 
military Pugle Calls are formed from the following notes; 

111 

Some higher notes are possible but difficult 



The Regulation Bugle is in B^, and therefore the actual 
sounds are all a tone lower than those shewn. 


r. Chasse and Hand Horn The 

Cor de_ Chasse is similarly limited, but^ the tube being long 
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and narrow, the higher tones are more easily produced, and, 
as the harmonics lie closer together the higher we ascend in 
the senes, the melodic possibilities of the Cor de Chasse are 
greater than those of the bugle 

The hoin used in orchestras or, as it is often called, the 
French Horn, had until recently no mechanism for filling the 
gaps in the harmonic senes Its scale of open notes was 
therefoie limited in the same way as that oi the Cor de 
Chasse The performei, however, placed his hand inside the 
bell, and by dosmg the opening to a greater or less extent 
could flatten each of the notes by a tone or more, and so 
produce a complete chromatic scale over a range of about two 
octaves from the thud harmomc upwards The notes so 
flattened were called stopped notes, and were greatly infenor 
Ih quality to the open notes The horn was provided with a 
set of lengthemng pieces or “crooks” by which it could be 
put into the key of the music to be played, the number of 
stopped notes required being thereby reduced Homs of this 
kmd are called Hand Horns Horns are now always pro- 
vided with valves, by means of which a complete chiomatic 
scale 18 obtained over the whole range of the instrument 
without the use of stopped notes, os will be explained in § 301 

299 The Ophlcleide Class. The earliest method 
in general use for filhng the gaps between the successive 
harmonics was similar to that used in the wood-wmd in 
struments Holes, sometimes covered by keys, were made in 
the side of the tube, and by opening these in turn a scale was 
produced in the same way as on the flute 

The once popular Key Bugle was an mstiument of this 
class, as was also the Oplucleide Their chief defect was the 
mequality in the notes A note that was produced with all 
the holes closed had the advantage of the softening effect of 
the bell, whilst for the other notes the vibrations did not 
extend to the bell, and the quality was less satisfactory The 
last survivor of the class was the Ophicleide, which has now 
been superseded by the Tuba 

300 The Trombone The second method of forming 
the scale is by the use of a slide, as used on the Trombone 
Tbeie are thiee Trombones in general use, the Alto Trombone 
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in Eb, the Tenor in Bb, and the Bass m G They diffei only 
in size and a description of the Tenor will serve for the three 

About two-thirds of the tube nearest to the mouthpiece is 
cylindrical, and the remaining third is comcal The cylin- 
drical part IS bent in the middle so that its two halves are 
parallel to each other and is made double, the outer part 
shdmg telescopically over the inner By drawing out the 
outer part the tube is lengthened in the same manner as the 
right-hand branch of the interference tube shewn in Fig 57 

When the shde is closed, the Tenor Trombone gives the 
note Bb as its fundamental If the shde is drawn out a little 
way the fundamental is loweied to A, if a little farther still 
to Ab, and 80 on, until with the greatest extension possible Eb 
18 reached Thus there are seven positions of the shde giving 
all the semitones ftom down to Et{ In each of these 
positions we can produce not only the fundamental but also 
its harmonic overtones, and so we have a harmonic series on 
each of seven consecutive note.s at intervals of a semitone 

The range of the trombone in practice extends upwards 
as far os the eighth harmomc An expert player can produce 
a few higher notes, but they are seldom demanded by 
TOmposem In the following table are shewn all the notes 
^at can be produced in the various positions of the slide. 
The fundamental is difficult to blow in any but the first three 
positions, and is therefore omitted in the rest The seventh 
harmomc w omitted throughout, as it does not coincide with 
any note of the scale with the fundamental as tonic 


Position 1 
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It ^vill be seen that from Etj, the second harmonic in the 
seventh position to Bb, the eighth harmonic in the first 
position, we have a complete chromatic scale, and three lower 
notes in addition The slide has enabled us to bridge com- 
pletely all the gaps above the second harmonic in the first 
position, and to bridge the upper half of the gap between the 
first and second harmonics Some of the higher notes can be 
obtained in more than one position of the sbde, and this is 
an advantage to the player He chooses such positions as 
require the least movement of the slide in passing from note*" 
to note. 

The trombones, hke the violins, can be played in true 
intonation, since the pitch of each note is under the control 
of the player 


301 Valved Instruments The third method of 
producing the scale on brass instruments is by the use of valves 
The valve is a piston which, on bemg pressed down by the 
player, lowers tlie pitch of the inatnunent by throwing in an 
extra length of tube. There are generally three valves, the 
first of which lowers the pitch of the instrument two semi- 
tones, the second lowers it one semitone, and the third lowers 
it three semitones As the valves can be used separately or 
together, they enable the player to lower the pitch by any 
number of semitones up to six, and thus answer the same 
purpose as the slide of a tiombone 

If we have an instrument in Bl> provided with three 
valves, !Pig 119 can be made to represent the notes obtainable 
With the various combinations of valves in the following way 


Position 1 corresponds to no valve 


2 

3 

4 

5 

6 
7 


valve 

99 


2 

1 


„ 3 or 1 + 2 

valves 2 + 3 
„ 1 + 3 

„ 1+2+3 


Here again the scale is complete fi om a note six semitones 
below the second harmonic. This is geneially all that is 
needed, for on most bi-ass instruments the fundamental is not ' 
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used The tuba and some othet bass mstiniments of the 
Saxhorn class form exceptions Their fundamental is of good 
quality, and these instruments have therefore a fourth valve, 
which lowers the pitch by a fourth or five semitones With 
the help of this valve the pitch can bb loweied by any number 
of semitones up to eleven, and therefore the gap between the 
fundamental and its octave can be bridged 

The introduction of valves has greatly increased the 
^facility with which brass instruments can be played Bapid 
''passages can be played on them which would be quite im- 
possible on a slide They sufier however from the defect 
that, whenever two or more valves are used together, the note 
produced is a little sharp The first valve, for instance, is 
tuned to lower the pitch a tone when used alone This 
reqmres the length of the tube to be increased in the ratio 
of 8 to 9, or the valve must add to the tube one eighth of its 
length Similarly the second valve used alone adds about one 
fifteenth to the length If now the two valves are used 
together, the first incieases the length by one eighth, but the 
second increases it by only one fifteenth of its ongmal length, 
which 18 less than one fifteenth of its length when already 
increased by the first valve Thus, though the two valv^ 
used separately give a true tone and semitone respectively, the 
tu 0 together give a lowenng of pitch less than three semitones 
In most cases the player corrects the error as well as he 
can ivith his hpa The error is not very gieat with three 
valves, and it is possible to force the note down a httle by 
relaxing the pressure of the lipa The horn player is in a 
better position, for he can flatten the note by closing the tube 
a httle more with his hand, whenever he uses two valves at 
once The error is more senous in instruments with four 

yahes, and m their case compensating valves are often used 
to correct it o « uocu 


^ keys by 

the use of length^ng pieces or ciooks The Comet for 

its harmonics when no valves are used, but it is 

of tube between the mouthpiece and the instrument If thp 
valve tubes are adjusted te add the right fo^Tto the Bb 
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cornet, they will bo too short for the A comet, and must bo 
readjusted, when a change is made from to A. Each of 
the tubes has a slide like that of a trombone, and it is with 
these slides that the adjustment is made 

All brass instruments used at the present day have vahes 
with the exception of tlio trombones Attcmjits ha\c been 
made to introduce vah cs on these also, but w itliout success — 
at least in this countrj* The solemn and dignified quality of 
tone of the trombone is not suited to rapid passages, and the 
gam m facility by the addition of vah cs docs not mako up 
for the loss in purity of intonation Vahe trombones are 
howeier common in Continental military bands 

302 The Tnimpet. The Trumpet is the Treble 
representative of the trombone family It had formerly a 
short slide by w Inch the pitch could be lowered one or two 
semitones The slide has now gone out of use, and its place 
has been taken by valves 

The Trumpet is normally in F and has crooks with which 
It can be put into any key down to Bt> Its tube is narrow 
m proportion to its length, and consequently it can bo made 
to giie the higher members of the hannonic senes. The 
range within which it is most commonly used in modern 
niusio IS from the second to the twelfth members of the 
harmonic senes. The comet is often admitted into the 
orchestra as a substitute for the trumpet, and it will be of 
interest to compare the two instruments. 

303 Companson of the Trumpet and Comet. 
Tlie Trumpet when loweied by a crook to Bb has a tube about 
9 ft long, and its hai monies can be used as high as the 
twelfth The Cornet in Bb has a wider tube than the 
Trumpet, and is half the length In 
consequence of its wider boro the 
haimomcs above the sixth are dilhcult 
to produce. It follow s that the pitch 
of the highest practicable note is 
about the same on the two instru 
merits The actual sounds of the 
open notes which can be easily pro- 
duced are shewn in Shg 120, the 



Fig 120 
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first senes being the notes of the tinmpet and the second 
those of the cornet The fundamental is omitted in each 
case, as it is not used The seventh and eleventh are 
enclosed in brackets, as they are out of tune. 

Both instruments give with the help of their valves a 
complete chromatic scale over a range of two octaves or 
more, but there is a great difference in the certainty with 
which the notes can be produced The player presses his 
hps moie tightly together the higher he wishes to nse in 
the scale, and in order to produce a given note the pressure 
has to be adjusted to suit that note Suppose the note in 
the middle of the treble clef is to be sounded The trumpet 
player has an open note a tone above the Bl?, and another 
rather more than a tone below, and if he adjusts the pressure 
a little wrong, he get? C or Ah, when Bh is wanted The Bh 
of the Comet is not so closely hedged in by other open notes, 
the nearest being a major third above and a fourth below 
Consequently, the comet player does not need the same 
accuracy of pressure as the tiumpet player, and is not so 
Ukely to blow a wrong note This is the mam reason why 
an mfenor comet player is less likely to cause a catastrophe 
than an infeuor trumpet playei The note of the trampet is 
so brilliant and piercing, that, even when played softly, it is 
easily heard through the rest of the Orchestra, and, if the 
player makes a mistake, eveiyone hears it 

In the past few years instiuments with the same length of 
tube as the comet but the shape of the trumpet have been 
gradually making their way into the orchestra, and they have 
almost displac^ the orchestral tmmpet in F. These new 
trumpets in BP have much of the cei'tainty of the comet and 
the brilliancy of the trampet 

The Trumpet parts written by Bach and Handel are so 
high that they are almost impossible on modem trarapets 
and a form of instniment called the Bach Trumpet has been 
devised specially for these parts The Bach Trumpet is merely 
a straight Coach Horn with two or three valves added ^ 

The French Horn presents the same difiiculties as the 
tmmpet and for the same reason Its best innge is from the 
fourth to the twelfth haimomc, where the open notes he 
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close to each other The bubbling sound made by the horn 
players when feeling about for their note at the beginning of 
a phrase is a not unfamiliar sound in the Orchestra 

304 The Saxhorn Class. The Cornet is tho smallest 
member of a large family of instnimonts named Sa\horns 
from their inventor Sa\e. The other members are tho Tenor 
Sav-horn, the Baritone, the ISuphonium, and tho Tuba or El? 
Bombardon Tho Tuba is the only member regularlj' used in 
the Orchestra The Cornet and Euphonium are sometimes 
used, the fonner as a rule only when a Trumpet cannot bo 
obtained 

The Saxhorns are esscntiallj Military Band instruments. 
They are w ide in bore, and thertforo m tlio laiger forms the 
fundamentals are easily blow n, and arc of good quality Prom 
the facility with which the notes are producc<l they arc cnp.iblo 
of greater execution than anj other brass instruments. 

305 Tuning the Brass Instruments Tho brass 
instruments are afTcotctl'* by tempenturo in the same way 
us are the flue pipes of an organ, but an additional com- 
plication 18 introduced by tho breath and hands of tho player 
A small instrument such as the cornet is soon warmed 
throughout its length to nearly tho temperature of tho breath 
and 18 not gieatly affected bj' changes in the temperature of 
the sui rounding air A large instrument such ns the tuba 
contains such n great volume of an that it is not much 
affected by tho breath of the player, and so is free to respond 
to changes in tho temperature of tho room All the brass 
instruments hav e a short telescopic tuning slide, like the slide 
of a tiombonc, by winch their pitch can be varied to bring 
them mto tune with tho lest of the orchestra If the pitch 
were lowoied considerably bj the use of the slide, it would 
be necessaiy to adjust also the tuning slide of the valves, in 
order that the additional length of tube thrown in by any 
one valve might continue to bear its right propoition to the 
total length of the insti ament In practice this is not 
necessarj, for any small defect in intonation caused by the 
use of the tuning slide is easily corrected by a slight alteration 
m the piessure of the lips on the mouthpiece 
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306 The Drums The remaining class o£ insti aments, 
the percussion instruments, present few features of interest 
that have not been already referred to in the preceding 
chapters. With the exception of the Kettle Drums they are 
not tuned to any particular notes, and are merely us^ to 
mark the rhythm The Kettle Drum consists of a hemi- 
spherical sheU of metal with a skin of parchment stretched over 
its open end The tension of the parchment can be vaned by 
a number of screws distributed round the nm, and thus the 
pitch of the note can be altered The practicable inuge of 
pitch for any one drum is a fifth If the parchment is too 
slack the tone is bad, and if it is too tight there is a risk of 
its being tom It is most usual to have two drums tuned to 
the tonic and dominant of the music, but other numbers of 
drums and other notes are often used 
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QUESTIONS 

Many of the following questions are taken from Examination 

Papers set in the Universities of Cambridge, London and 

Dunlin and in the National University of Ireland 
Questions below the line in each section arc somewhat more difficult 

than those abo\c the hue. 

CHAPTER I 

1 Can sound be propagated through a vacuum 1 Describe an 
expenment bearing on this question 

2 What characteristics distinguish a musical sound from a 
noise? 

3 Describe an expenment from which you conclude that sound 
IS due to the vibrations of the sounding liody Do all vibrations 
give rise to audible sounds 7 Illustrate your answer by examples 

4. On what charactenstics of an air-wave do the intensity, 
pitch and quahty respectively of the corresponding sound depend? 

5 What expenmental evidence leads to the belief that sound 
IS propagated by wave motion ? 

6 How would you prove expenmentolly that the musical 
interval between two not^ can be measured by the ratio of the 
vibration numbers of the two notes? 

v* 7 Explain how to use the Disc Siren with circles of 40, 50, 60 
and 80 holes respectively to find the vibration ratio of a major 
5 iz*h, assuming that the interval between the note 6 and the note e 
above Itjs a major sixth 

8 Shew that the measure of the difierenco between two 
intervals is obtamed by dividing the vibration ratio of the huger 
interval by the vibration ratio of the smaller 

9 By what mterval do two intervals whose vibration ratios 
are * and J differ from each other ? What are these intervals and 
what IS the interval got by adding them together? 


10 Shew that if the interval between two notes is measured by 
the logarithm of the ratio of the frequencies of the two notes, the 
sum of the measures of two mtervals will be the measure of the 
sum of the intervals 
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CHAPTER II 

1 What as meant by a perfectly elastic body and by limits of 
elasticity? Distinguish between a soft sohd and a very viscous 
hqmd 

2 State clearly the properties a medium must have in ordei 
that it may serve as a sound earner 

3 State Hooke’s Law and mention a few cases in which the 
law holds Docs it hold for gases ? 

4. What IS meant by a Simple Harmonic Vibration? How 
IS the displacement related to the acceleration in such a vibiation ? 

5 What IS meant by Isochronism? Give instances of iso- 
chronous vibrations 

6 Shew that in the case of the Simple Harmonic Vibration of 
a small mass the potential enei^ is proportional to the square 
of the displacement of the mass from its equilibnum position 

7 Show that if a radius of a circle rotates with uniform angular 
velocity, the foot of the perpendicular from its end on any fixed 
diameter will perform simple harmonic vibrations 

8 Provo that a mass supported at the end of a spiral spring 
will execute Simple Haimonic Vibrations when shghtly displaced 
Calculate the penodic time on the assumption that the mass of the 
spring may be neglected 

9 Explam how the variations of the displacement and the 
velocity respectively with the time for a body executing simple 
harmonic vibrations may be represented by Sine Curves What is 
the relation of the two ourv es to each other as regards their phases ? 

10 Define the terms period, amplitude and phase of a vibrating 
particle. Shew how the difibrence between the phases of two 
particles vibrating with the same period can bo expressed by an 
angle 

11 Prove that in the case of simple harmonic motion the 
period of vibration is equal to 2jr divided by the square root of the 
acceleration of the vibrating body when it has unit displacement 

(''12 Find the period of vibration of a mass of 1 kgr attached 
to a spiral spnng of such stiffness that an extra load of 16 em 
produces an extension of 1 cm ® 

13 Describe and explain a method of adjusting the pitch of a 
tuning-fork. & i 


18—2 
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14. Dcscnbe the changes that take place in the curve traced 
out b; A point vrhich has simultaneously two simple harmonic 
vibrations m directions at right angles, the iieriods of the two 
Mbrations bemg nearly, but not qmte, equal 

'^15 A partide vibrates harmonically with a period of 2 sec 
Find its amplitude if its maximum velocity is 10 cm per sec 

16 Find the total energy of the particle in Example 15, 
assuming its mass to be 20 gm 

^17 A stnng two feet long has its ends fixed at two ^Kiints one 
foot apart and in the same horizontal line Another string is 
attached to the middle point of the first string and has a Wb at 
its lower end Shew that when this second string has certain 
definite lengths the bob will describe Lissajous’ Figures when set 
swinging 

Find the length of the second string when the bob is capable 
of describing the 2 1 figure. 


CHAPTER III 


1 Show that when a tram of transverse waves is passing along 
a senes of particles the time taken by the waves to traiel one 
wave-length is equal to the iienod of vibration of a particle 

2 From the relation lu Question 1 prove the equation v=nX 

3 Shew graphically that when two similar trains of waves 
travel in opposite directions along a string, stationary viWtions 
arc iiroduced 

4 Construct a diagram shewing the result of compounding two 
trains of waves one of which has double the wa\ e-length and double 
the amphtude of the other 

6. Assuming that the velocity of wa\e8 on a stretched string 

IS \fTlp, find the penod of vibration of a stnng when giving out its 
fundamental note 


6 How would you cause a stretched wire to emit its diiferent 
harmonic overtones ? What relations have these overtones to the 
fundamental of the wire ? 


7 How may the velocity of a wave 
from a knowledge of the frequency of 
positions of the nodes 1 


in a string be deduced 
the vibrations and the 


two bndges should bo placed in order to 
divide a stretched string 100 cm long into throe segments whose 
fimdumcntal ficquencics ai-e m the ratio 12 3 ” 
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■^'^9 Explain how you woaM use the monochoi-d to prove that 
the frequency of vibration" of a stretched , string is proportional 
to ^JT A certain string has a frequency 100 Find its frequency 
when both its tension and length are doubled 

10 Two strings of the same matenal and 12 and 15 m in 
length respectively are stretched oier a sounding hoard If the 
tensions of the stnngs are produced by weights of 64 lbs. and 36 lbs 
re^ectively, what will be the interval between the notes produced 
when the brings are plucked ? 

11 Two strings of the same length give the same note, hut the 
tension of one is double that of the other Compare the masses of 
the strings. 

12 Two wires one of aluminium and the other of steel, 

identical in shape and Tolumo, are subjected to equal tensions - 
■What will be the ratio of the frequencies of the notes emitted when 
each wire is sounding its fundamental ? ' 

The specific gravity of aluminium is 2 65 and that of steel is 7 8 


Prove that the velocity of the waves in a stnng is \^T\p 

14. What is the frequency of a string whose length is 100 cm 
I whose weight is 1 gm., when stretched by a weight of 20 kgm 


13 
V14. 

and whose weigni is i gm., wnen stretched by a weight of 20 kgm ? 

Ij.- 16 If an addition of 25 lbs to the tension of a string raises 
its pitch a fifth, what was the original tension ? 

16 Shew by a method similar to that, of § 53 that the velocitv 
of a particle at any moment is given by the equation > 

,r 2ira.v 2*r, , 

» =— 5— COS — 


UJlAl'rER rv 

wa^f'^A^numhlr longitudmal and transvers, 

porUolia at a partiralar instant a 

and (6)abansv»a, am passing aUgft'tw 

Injera ot ait ttrongh'irS'Sn^tara'aM suoMssiv. 

be graphically represented TnfL/H>f wing propagated mai 

maximum and minimum pressure'respStrSly ^ ® 

^t SSe^hsof^^TOth^l! sec. at 60“ P 

mat 1. tha Jie^anc, nfa ^ 
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4 . State the law of vanation of the intensity of sound at a 
point with the distance of the point firom the source of sound, 
giving a general explanation of the cause of the change of intensity 
Does the wave len^h or the amplitude differ at different distances 
from the source 1 

6 State and shew hy diagrams the way in which condensation 
18 related to displacement in a progressiie wave and in a stationary 
vibration in air 

6 Describe the motion of the air in two adjoining segments of 
a tram of stationary vibrations 

7 Whatsis a wave-front 7 How is it I'elated to the direction 
of propagation of the sound 7 

8 State generally the nature of the reflection of sound at the 
closed and open end of a pipe respectively, and give the reason for 
the difference. 


9 Give a general account of the distribution of energy in (a) a 
progressive wave and (6) a stationary vibration 

10 Shew that if sound travels along a tube which has a sudden 
change of bore at some point, there win be reflection of the sound 
at that point. 

11 Shew that if curves similar to those of Pig 41 be drawn 
for waves travelling towards the left, the convention as to the 
meaning of upwaid and downward ordinates remaming the earner 
the velocity curve will not occupy the jiosition shewn in Fig 41 


CHAPTER Y 


1 When a regiment of soldiers is marching behind a band, it 
IB seen that the men are not all in step with ea^ other but a kind 
of wav 0 travels backwards along the column Why is this 7 

2 A band is playing at the head of a procession 1080 ft long, 
ana the men step 128 paces to the minute exactly in time with the 
music as they hear it Those in the rear are exactly in step with 
those in front. What is the velocity of sound 7 

3 Devise an experiment to shew that the velocity of sound in 
air vanes with the temperatura 


✓4 At what temperaturo is the velocity of sound in air 120( 
per sec , assuming that at 0° C its velocity is 1090 ft per sec 7 

fS TTfWXf n/MvIrl I 


5 

sound 


, o «« V V lutfu ib per sec i 

How could you shew experimentally that the velocity of 
in air is independent of the pressure ? 



QUESTIONS 


279 


Pind the mve-lengfh m hydrogen of a note whose frequency 
IS 200 Assume that the velocity of sound in air la 1100 ft per sec 
and that the density of air is 14 4 times that of hydrogen 
, /I A sound generated in water has a wave-length of 580 cm m 
water If the vwocily of sound in water is 145,000 cm per sec and 
in air 34,000 cm per sec , find the frequency and wave-length of the 
note heard by an observer in air 

8 Explain the nature of the error made by Newton m cal- 
culating the velocity of sound, and the nature of Laplacefs correc- 
tion 


9 The temperature of air through which sound-waves are 
propagated is supposed to be subject^ to changes of t>,n alternating 
character Describe the nature of these changes and give an 
explanation of them 

10 The sound of a gun from a distant fort was heard at a 
certain house 20 sec after the appearance of the flash On another 
day the mterval was 21 sec What causes may have contributed to 
the difierence ? 

tllT Equal volumes of hydrogen and o:sygen are mixed with 
each other What is the ratio of the velocity of sound in the 
mixture to that in oxygen ? Assume that the density of oxveen is 
16 times that of hydrogen 

12 What evidence could you give that the velocity of sound is 
pmctically independent of the amphtude and frequency of the air 
vibrations Y 


13 A heavy piston moves without fnction in a closed cylinder 
contaimng air and is set vibmting Shew that the work done on 
the air in the cylinder when the piston descnbes its inward path is 
equal to the work done by the air when the piston descn^ its 

compressions are either isothermal or 
adiabs^c, but that the two quantities of work are not equal if there 

the walls of the 
required to make the compressions isothermal 
^ vibrations of the piston will bo 

damped and thence deduce Stokes’ conclusion that the com- 

df or °4aW “ “'md-TOTo must bu mthur »- 


■ OHAPTEB VI \ 

two\.gKSM°uXmSf Ape^utaudmBbutweou 

series of ecLes he w5lh^ ^n«Ku™^ Account for the 
18 half way between the walls and ih» r-a ® observer 

one wall than to tlS Ser ® ^ to 
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‘ 2 Two men are equidistant from the face of a plane vertical 
ohft and are 1000 ft apart. On one of them firing a pistol the other 
hears the echo one second after hearing the direct report. The 
velocity of sound being 1100 ft. per sec , find the distance of the 
men from the cliff "Would the interval between the two sounds bo 
longer on a hot or a cold day t 

3 A person standing at the end of a row of posts one foot 
apart makes a sharp sound which he bears rcfiected from each of 
the posts m succession. What is the frequency of the note residtiug 
from the senes of echoes 1 

4. A vibrating tuning-fork is placed in front of a wall How 
could you find the positions of the nodes formed between the fork 
and the wall, and how could you use your observations for cal- 
culating the frequency of vibration of the fork ? "Why are the nodes 
sharped near the wall ? 

5 Explain why a whisper at one point in a largo room can 
sometimes he heard plainly at some other point 

6 A source of sound is situated under water Give a diagram 
shewing the change m the direction of the rays when they emerge 
from the water 

7 Account for the difference between light and sound as 
regards the formation of shadows. 

8 How 18 the apparent pitch of a sound affected by (1) motion 
of the source, (2) motion of tho observer, (3) wind ? 

Two horns on a moving motor car soimd a iieifeot fifth Will 
a stationary observer hear tho same or a different interval ? 

9 The note sounded by the horn of a motor cai falls a whole 
tone in pitch as it passes a stationary observer Shew that the car 
must be travelling about 46 miles per hour 


10 Devise an experiment for proving directly the laws of 
reflection of sound 

11 A trein 18 approaching a hill from which a well defined 

Th« engine dmer sounds his whistle What 
be the character of the echo heai*d (1) by the engine driver and 
(2) by an observer who is stationary ? 

^ 12 A train approaches a stationary observer, the velocity of 
the train being one twentieth tho velocity of sound, and a sharp 
blast is blown with the whistle of the engine at equal intervals of a 
second. Find the interval between the successive blasts as heard 
by tho observer 
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13 Shew that in Example 1 the ohsenrei will hear simul- 
taneously thiee senes of equidistant echoes, the interval, botwcen 
the members of a senes being the same in each of the three sciies 

14 A tram whistles as it passes a stationary obsciyer wii^ 
velocity v Find the interval between the notes heard by the ' 
observer when the train is approaching him and, when it is leaving 
him, and shew that the total fall of pitch would bo the sirae if the 
observer were in the tram and the whistle were stationary 


CHAPTER VII' 

, 1 State what you understand by the term Interference 
Mention several instances 

2 Describe the method of finding the velocity of sound by 
Seebeek’s Tube, and mention any advantages the method possesses 
as compared with those earned out in the open air 

3 Shew that when two trains of similar waves cross each other 
at an angle there wiU-be changes of velocity and displacement at 
the crossing pomt, hut there may be no change of pressure 

4. Two tuning-forks have nearly the same pitch Explain how 
to use the method of beats to find which is the higher and to find 
the difference between their frequencies. 

1^5 Shew that the number of beats per second of two notes 
a se^tone apart is different at different parts of the scale. Find 
ge frequency of tbo beats when the lower of the two notes hoS 
frequencies 50, 250 and 1000 respectiv ely ‘ ^ 

,.^’'^«f®<3om\»ualion Tones and how are they produced? 
5 Different ToTilnd 

and?50^"“^^ frequencies aie 

lutervab'^tfo^tKimRf consonant 

the notes Z^^^Gl^F^d'l^om^he oSSe'be? ®^cugly sounded, 

WhatsuccSo^of^4^^W^^^ 


ends of a wE ^uEhSr ^ oppi 

one of the pipes to the other ? ^ 1 

n and calci.w+i.?® reflected sounds Aon. 
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•'^11 What 18 the ^ docity of sound in a gas in which two waves 
of length 1 and 1 01 metres respectively produce 10 heats in 3 
seconds 1 

^ '12. A wire stretched by a weight of 4 kilogrammes made 

bents per second when sounded with a fork, and 5 beats pei 
second with the same fork when the stretching weight was increased 
by 400 grammes An addition to the stretehmg weight of IOC 
grammes made the beats slower in the first case and quicker in 
the second. Find the frequency of the fork. 

CHAPTER VIII 

1 Esqilaiu the meani^ of the terms Free Vibration, Forced 
Vibration and Resonant Vibration State in general terms the 
efiect of a periodic force in producing vibrations in on elastic 
body 

2 A tuning-fork is struck smartly and held with its base on 
a sound-board. After the sound has died away the fork is again 
struck with the same mtensity and held in the hand away from 
the sound-board Which arrangement gives (1) the louder sound 
and (2) the longer duration of sound { Give reasons for your answer 

3 Why must two tuning-forks be very nearly in unison to 
shew resonance, whilst two strings on the same sound-^x give 
resonance when they are only approximately m imison ? 

t/ 4 A fork making 256 vibrations per second is held ov er a tall 
narrow jai filled with water, and the water is allowed to run out 
gradually through a tap at the bottom until maximum resonance le 
obtained What is the depth of the water level below the top oi 
the jar ? Find two other notes to which the same column of an 
would resound. (The correction for the open end may be neg 
lected ) 

1 5 A tube closed at one end is 10 inches long and 1 mch 
m diameter Find the frequency of the note to which it resounds 

6 A tube 2 inches in diameter and open at both ends resounds 
to the note p What is its length! (o = 261 ) 


7 Prove that the frequency of a Helmholtz Resonator is 
approximately inversely proportional to the square root of its 
volume State in general terms how the pit^ is afieoted by 
var^tions la the size and shape of the mouth 

Find the ■^bration ratio of the interval between two Reson- 
ators which ttre of the same siz^ but one of which has only a single 
opening while the other has three, the openings being aU of the 
^me size and shape YThat would be the nature of the effect on 
the mterval if the three opemngs were close together ? 
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CHAPTEE IX 


1 State Helmholtz’s 'Eheoiy of the cavise of the diffeTeuces of 
quahty of the notes of different instruments 

2 How would you proie that the note given by plucking a 
stretched stnng is not a simple tonel Describe and explain the 
dificrences of quahty due to plucking at different points and with 
different instruments 


3 Describe three different methods by which you could shew 
that the note of a pianoforte contains a harmonic a twelfth above 
the fundamental State how one or more of your methods would 
be interfered with if the pianoforte were badly out of tune. 

4. How can an approximately pure tone be produced 1 

5 A key on a pianoforte is held down and the nest adjacent 
octaves above and below are separately struck staccato Desenbe 
and explain the result in the two cases 

6 Two strings ate stretched side by side on a monochord and 
tuned to C and e If either stnng is sounded and then silenced, 
the other will be foimd to be soundmg c Explain this. 

7 Shew why the resonance of a massive body such as a 

tunmg-fork, which, when set m vibration, goes on for some time, is 
a more precise indication of the existence m a sound of a component 
of definite frMuency than the resonance of a body of less mass, 
such as a column of air ^ * 


meant hy a Penodic Curve ? State eenerallv the 
nat^ of Founds analyws of such a curve What is tlm apStion 
of the analysis to a complex musical note ? ^ ^ 


9 How does the mouth modify the quahty of singing ? 

10 State the rival theories as to the nature of vowel sounds 


on and the ear as regards their nower oF 

A'te SET' “'«>Od of Bjotho. 

contoteo*ooSSi°'„‘S^tB‘5:? Pl«»oo of tho 

note 1 complex note have no effect on the quahty of the 
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CHAPTER X 

1 Show that tbo wino longtli of tlic funclamontal of a closed 
organ piyo is four times the length of the pipe. 

2 Show that if n closed organ piire is so narrow that the 
correction for its open end maj lie neglected, the proiicr tones of 
the pipe will have frequencies in the ratio 1, 3, 6 etc 

3 Desenbo the motion of the air in an open organ tiqie which 
18 gi\ ing out its first overtone What change will take placo in the 
note and the mode of vibration, if a hole is Iwrcd in the pipe near 
its centre ? 

4. How do tho motions of tho particles of air within a 
sounding organ pipe differ from the motions of the particles of air 
outside the pipehj which the sound is transmitted to a distance? 

Assuming that the velocity of sound in air is 1100 ft. 
per see., find tho approximate vibration number of an open pipe 
4 ft long, neglecting the correction for the open ends 

6 Explain wh) tho note falls nearly but not quite an octave, 
when jou close tho O 2 ion cud of an open organ injic. 

7 Explain whj tho end of a reed pipe at which tho reed is 
situated must be regarded os a closed end 

8 Describe and explain tho various methods of tuning organ 
pipes 

9 How can tho mode of v ibration of tho air in an ojicn organ 
inpc bo shown oxiieriraentolly ? 

10 An open jHiie has a manometne capsule at its middle point, 
and another a quarter of its length from one end Tho pipe is made 
to give its first four tones in succession Describe tho cficct on the 
flames in each case 

11 Give a general statement of tho effect of a chaiigo of 
tomiioraturo on the pitch of dificreut classes of inpcs 

12 Show that two flue jiipas of different pitches will nso in 
pitch by tho same interval for a given rise of tcmi>crature 

13 A flue inpo giv cs tho note C at 15” C At what temperature 
will it give the note CS, a semitone higher 1 


14. Discuss tho effect of the correction for tho open end on 
tho relative frequencies of tho proiier tones of a jnpe 

15 Explain why tho note of a wade pipe contains fewer 
harmonics than tho note of a narrow pipe 

^ higher harmonics of a reed inpe stronger than 

those of a flue pipe ? Why do the reeds in an organ always have 
pipes associated with them ? 
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OHAPTEB XI 

Tlflaonbe in eeneral terms its possioie i,yy^ 

% T» Ti..n tto atodogj tetotoo the long>t»to“' aihratioM of 
lodTAe vtaetoos of the 00! m organ p.pee , ^ , 

3 . mat are the advantages of a tuning-fork as a standard of 
pitch? 

4 . Esplam the principle of mcatstone’s Kaleidophone 

5 Hovj could you shew that when a plite is vibrating two 
adjLuf Setmns s^arated by a nodal lino are always moving m 
opposite directions? 


i/' 6 Two tumng-forks have the same proporbioiWj ^d are toodo 
of anmlar material One of tho forks is a fifth higher than the 
other mat is the ratio of their weights? 


7 Explain why tho frequency of the transverse vibrations of a 
rod fixed at one end is independent of the dimensions of tbe rod at 
ngbt angles to tho plane of vibration, bnt is not independent of the 
dimensions in the plane of vibration 

8 , Shew that when a rod fixed at one end vibrates transv crsely, 
the nodes cannot bo equidistant 


9 Shew that when a bell is giving its lowest proper tone, there 
must be both radial and tangential motion at the nm How is this 
fact made use of in tbe ordinary method of making a wine glass 
Bing by rubbing a wet finger round the nra ? 


CHAPTER XII 

E Mention the chief objections to tbe oaihei methods of 
finding the velocity of sound in the open air by observing the 
interval between the fiash and report of a cannon 

2 . Describe some laboratory method of finding the velocity of 
sound in air a - j 

3 Give a brmf outime of two methods by which the v olocity of 
sound in carbon dioxide could he found , ^ , 
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4. Descnbe some form of the Siren and explain how it could 
be used to ^d the frequenoj of vibration of an electncollj main- 
tained fork 

5 Desciibe a method by which you could determine os directly 
as possible the ratio of the frequencies of two tuning-forks 

6 How IS the Tonometer used for finding the frequency of 
vibration of a tuning-fork? 

7 Being given several forks of known frequencies and a 
resonance tube, what experiments would you make to show that 
difierent notes travel m air with equal velocities? 

8 State what change, if any, would be made in the dust 
figures in Eundt’s expenment by a change in (1) the length and 
(2) the thickness of the vibrating rod 

9 State the advantages of the Lissajous’ Figure method of 
comparing the frequencies of two forks as compared with the method 
of beats. 

10 Two tuning-forks are known to be slightly more than a 
filth apart They ora used for producing a Liss^ous’ Figure, and it 
is found that the figure completes its cycle of changes in 15 seconds. 
Assuming the frequency of the lower fork to be 261, find the 
frequency of the higher 


OHAPTEB XIII 

1 Explain the principle of the Phonograph 

2 A violin solo is reproduced on a phonograph, but the phono- 
graph 16 run twice as fast as when tho record was t^eu mil the 
solo sound in tune ? 

3 Explain how the phonograph has been used to test tho 
theories of the ongin of vowel sounds 

4. Explain the action of tho Bell Telephone. 

6 Descnbe some form of Carbon Transmitter 


CHAPTER XIV 

L Dteonbo and explain the sensations produced when the 
pitoh<» of tao notes originally in unison are gradually vaned until 
they difier by a major third In what way docs the expenment 
ueiiond on whether the notes are of high or of low pitch? 

2 Tao tuning-forks nearly an octave apart and free from 
ove^nw g« o beats when sounded together What is the cause of 
the beats ? 
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3 On what giounds do we suppose beats to be an imxwrtant 
factor in our sensations of consonance and dissonance 1 

4 . Use Helmholtz’s method for comparing the consonance of a 
major third (4 5) and a major tenth (2 5) 

5 A major sixth is played by an open and a stopped oi^an 
pipe "What difference m the effect will there be m the two cases 
when (1) the open pipe plays the lower note and (2) the stopped 
pipe plays the lower note? 

6 A major third is given (1) on two clarinets, (2) on two haut- 
boys and (3) one note on a clannet and one on a hautboy Explain 
the different degrees of dissonance. 

7 What do you understand by a Consonant Tnad? Find 
what consonant triads are possible within the compass of one 
octave 

8 Compare the consonances of the second inversion of a major 
tnad and the second inversion of a minor tnad, taking account of 
the Difference tones as well as the Harmomcs 

a 

CHAPTER XV 

L Explain how the existence of higher harmonic tones accom- 
panymg the fundamental in the sounds of a musical instrument 
assists the ear in estimating exactly a consonant interval 

2 An octave and a twelfth are both perfect consonances, yet a 
mistuned octave is worse than a mistimed twelfth Why is this ? 

3 Two pure tones are to be tuned to a fifth Show that the 
tiimng IS facihtated if the octave of the lower note is also sounded 

4. Why is it necessary that m any system of temperament the 
octal es must be true, whilst the mmor thirds may bo considerably 
different &om true minor thirds ? 

5 What 18 the true diatomc scale and what are its advantages 
over other scales ? 

6 How could the monochord be used to tune eight notes on a 
pianoforte to a true diatonic scale ? 

7 Shew that if the scale of C on a pianoforte is tuned with 
true mtonation, the note A so obtamed will be out of tune, if used 
as the supertonic of the scale of G 

8 Why IS it impracticable to have the musical mtervals 
perfectly true on a pianoforte? 
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9 Find the interval between successive semitones in the 
equally tempered scale. 


\y 10 On the pianoforte twehe fifths make seven octaves Find 
from this the error of a fifth. 

11 Shew that an equal temperament minor third is about ^ 
comma flat by usmg the fact that four equal temperament minor 
thirds make an octave. 


CHAPTER XVI 

1 IVhy do the strings of a i>ianoforte difter in thickness and 
length ? 

2. State generally how the quahty of the note of a pianoforte 
IS afiected by (1) the point struck, (2) uie shape of the hammer and 
(3) the hardness of the hammer 

3 Explain the method of producing the scale on a Brass 
Instrument with valves If the valves are tuned correctly when 
used separately, the note produced when two valves are used 
together will lie sharp VTiy is this? 

4 Explain how and why a nse of temperature affects the pitch 
-of the wind instruments in the orchestra 

If the velocity of sound is 1120 ft. per sea at 60* F and 1140 ft. 
per sec at 77“ F, how much would a trumpet player have to 
alter the length of his instrument m order to Keep to his onginal 
pitch, if the temperature of the instrument rose from 60” F to 77* F ? 
(The tube of the trumpet in F is 6 ft long ) 

5 Would a given nse of temperature affect the pitch of a boss 
trombone and of a cornet to the same extent? Give reasons for 
your answer 

6 Why are the notes of a flute or clannet put out of tune 
with each other, when the joints of the instrument are pulled out to 
lower its pitch ? 

7 Which of the instruments used m the orchestra can play in 
true intonation ? 

8 Which musical instruments have the same overtones as a 
stretched stnngl 

9 Explain the principle and use of the Vibration Microscopa 

10 Explain the action of a Violm Bow and describe the mode 
of vibration of the stnng of a Viohn 



ANSWERS TO QUESTIONS 


OIUP 

I 


The vibration ratio of a major sixth is obtoinod hy donbhnft 
the lower of the two integers which give the vibration ratio 
of a minor third 

Difference of intervals is ^ Sum of >«temls is { Tlie 
two intervals ate a fifth and n major smlh and their sum 
IB a major third pins an octave or a major tenth 


n 12 T= 2,r nearly 

2ir « ID 

16 Max. vel =flM=10, ““"r 

16 Total energy (max vel )®=ix 20x10*= 1000 ergs 

17 If X 18 the length required, wo have the ralation 

X x+6^/8s=:12 2® whence x=2N/8in 
The arrangement desenbed is known as Blaokbnm’s 
Pendalnm 


III. 8 flfhe lengths of the segments are 54/^ cm , 27 x\ cm and 
18^ cm respectively 

9 "Weliave 400=1 and x=T>y/^ , whencex=50\^ 

10 «i «2=5 3 or 

the mterval is a major sixth 

11 The mass of the stnng having the greater tension is double 

XwX 01 the other 

12 If Jij IS the frequency of the alumminm stnng and the 

frequency of the steel string, then Jii 7ii=:y/TS \/ 2 ^ 


«-_JL_ . /20, 000 x 981 

2x100 V 01 =2215 


I? 


,c 3 \/T+25 , 

40 2 = — 7^ , whence T=20 lbs 

\ J. 


0 s 


19 
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ANSWERS TO QUESTIONS 


CHAP 

V 2 


6 

7 

11 

YL 2 


VII 5 


The sound travels the whole length of the colamn’* 
time the men tahe to make 2 steps, i e it travels . 

60 x 2 , 1080x128 

m see , whence «= — gg =1162 ft per j 


vm 4 
5 


3^ 5 

M 6 


/ie°+27a'’ 


= whence ir=58»C 

1090 V278'’ 

20 9 ft 

Fre^ncnoy 260 Wave length ISC cm 
187 1 

The path taken b; the eidio mnst be 1100 ft great 
the distance between the men, whence by geometry 
the distance of the men from the wall is 928 ft 
interval is greater on a cold day 
The period of the note heard is the time taken by the 
in travelling twice the distance between two ac^ 
posts Taking the velocity of sound to be 1100 ft pc^ 
the frequency is 660 ^ 

The interval is 95 see ^ 

The ratio of the frequencies is in each case 15 16, v ^ 
the differences of the frequencies are 3 3, 16 7 anif^ 
respectively ^ 

First Difference Tone 60 Second Difference Tones ^ 
100 Summation Tone 250 

If the person r^ho carries the fork is the hstener, be wil|^ 
9 2 beats per sec A stationary listener in the ll*^ 
motion of the fork hears no beats when the fork i 
proaching him, and 9 2 per sec after it has pasBed\ 
886J metres per sec ^ 

If niB the frequency of the fork, n' that of the string^ 
4000 grm and n" that of the string with 4400 gn 
have «'=n- 8 and n"=n+6, whence 

n-3 \/4000 , s 

—-^=- 7 == and n=166 9 , 

«+6 ^4400 ^ 

107 ft 266x8 and 266x6 ^ 

The effective length of the pipe is 10 3 in Hence the v, 
length IS 41 2 in and if the velocity of sound is takf 
1100 ft per sec the frequency is 820 4 1 

15 6 m < 

K B'=N/i \/8=l 178 5 


64 6° 0 
89167 


17 1416“ 0 

4. l?in 
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Adiabatic ooeffioient of elasticity of 
a gas, 83 

Air waves, general description of 
propagation, 59 
Amplitude defined, 25 
Analysis of complex vibrations, 154 
Antinode defined, 49 
Appun’s tonometer, 202 
Airaociated curves, 64 

Bassoon, 262 

Beating reeds, 177 

Beats, general explanation, 121 

, pitch of note heard, 123 

, experimental illustrations, 

123 

, due to combination tones, 

127, 227 

, measurement of pitch by, 

201 

, effect on the ear, 225 

, effect on consonance of pure 

tones, 223 

Belhjar expenment, 2 
Bells, vibration of, 190 

, overtones of, 192 

, tuning of, 193 

Bell telephone, 219 
Blaikley, on length of wmd instru- 
ments, 86 

, on correction for open end, 

174 

, on velocity of sound, 209 

Brass instruments, 264, shape of, 
264, crooks of, 264 
Bravais and Martm, on velocity of 
sound at high altitudes, 206 
Bugle, 265 


Oagniard de la Tour’s siren, 196 
Carbon transmitter, 222 
Chladni’s figures, 189 
Clarinet, 232, 259 
Cldment and Desormes, on ratio of 
specific heats, 84 

Closed end of tube, refiection at, 69 
Closed organ pipe, period of, 166, 
overtones of, 169 

CoUadon and Sturm, on velocity of 
sound m water, 206 
Combmation tones, 124, theories 
of origm, 125 , method of finding 
pitch, 126 , formed by harmonics, 
238 

Common chord, 236 
Comparison of mtensities of sotmds, 
214 

Complex vibrations, analysis of, 
164 , synthesis of, 158 
Composition of simple harmomc 
motion with uniform motion, 27 

of two simple harmomc 

motions, 28, 80, 82 
of harmomc vibrations pro- 
duced optically, 84, 185, 252 
Concentration of sound by spherical 
mirror, 93 , by walls of room, 95 
Condensation m air-waves, 62 

, absolute, m organ pipes, 213 

Conical pipes, overtones of, 176 
Conjugate foci, 94 
Consonance, 224 

, Helii^oltz’s theory of, 227 

of mtervals of pure tones, 

227 

of mtervals of complex tones, 

228 
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Consonance of notes \\lnch ba^enot 
the full senes of banuomcs, 232 

of tnods, 236 

Consonant intenals, defined, 9, 
lektive smoothness of, 224 , 
analysis of relative smoothness 
of, 228, effect of vndenmg the 
intervals by an octave, 230 
Consonant triads, defined, 233, 
denvation of, 235 , effect of 
difference tones, 237 
Cor de ohnsse, 265 
Comet, 270 

Correction for open end, 167, 
method of findmg, 173, effect 
on overtones, 174, effect on 
quality, 175 

Crooks of brass instruments, 269 
Crova’s disc, 65 

Cunes of displacement of nbmting 
particles, ^ , relation to velocity 
curve, 27 , by Lissajous’ Figures, 
32, in transverse Yrn^e motion, 
15, 71 , in stationary vibrations, 
48, in air Viaves, 64, 71, 74, in 
beatmg notes, 122, in complex 
vibrations, 148 , in organ pipes, 
168 

Definition of intervals, 239 , of pure 
tones, 239 , of complex notes, 240 
Diatomo scale, defined, 10, den 
vation and ad^antages of, 242, 
defects of, 244 

Difference of phase defined, 25 
Dimensions, method of, 193 
Disc siren, 8 

Displacement Sec Carves of dis 
placement 

Dissonance due to beats, 226 
Dommant, 244 

Doppler’s prmciple, 103, applied 
to light, 107 
Drums, 193, 273 

Ear, desenbed, 143 

, resolving power of, 145 

, limitations of 146 


Ear trumpet, 69 

Echoes from plane surfaces, 92 

from palings, 97 

Elastic deformation, relation to 
deforming force, 15 
Elastic vibrations, general desenp 
tion of, 18, isochromsm of, 19, 
calculation of penod of, 23 
Elasticity, nature and limitations 
of, 13 

, imperfect, 14 

of liquids, 15, 17 

of gases, 16, 67 

, coeflicient of, 24, 82, 83 

Energy transmitted along train of 
Btationory waves, 60 

of air waves, 68 

Equal temperament, 247, errors of 
intervals in, 248 

Equal temperament semitone, v ibra 
tion ratio of, 248 

Fine pipes, desenbed, 165 

, period of, 166 

, overtones of, 167 

, methods of tuning, 172 

, conical, 176 

Flute, 256 

Fogsignals, zoncsof silencenear, 120 
Forced nbrations, 129, amphtnde 
of, 137, phase of, 189, initial 
stages of, 139, ns^ in musical 
instruments, 140 

Founer’s theorem, 160, applica- 
tions of, 152 
Free reeds, 177 
Free vibrations, defined, 128 
French horn, 265, 271 
Frequency, defined, 7 
Frets, 265 

Fundamental defined, 55 

Graphic method of measuring pitch , 
199 

Hand horn, 265 

Harmonic constituents of notes of 
musical instruments, 163 
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Harmoiuc senes, 53, 151, 224 
Haimonics, defined, 55, 153 

, given by Conner’s tbeorem, 

151 

, qnality dependent on, 154 

in the voice, 162 

of oig&n pipes, 175 

, influence on consonance, 228 

, inflnence on definition of 

intervals, 240 

of violin, 164, 255 

of flute, 164, 259 

of clarinet, 164, 261 

of hautboy, 164, 262 

Haimoninin, 177 
Hanuonogmph, 28 
Harp, 252 
Hautboy, 232, 261 
Helmholtz, resonators, 131 , tee 
alto Besonators 

, theory of quality, 154 

, analysis of complex vibra- 

^ tions, 155 

, svnthesis of complex vibra- 
tions, 158 

, theory of consonance, 227 

, on the vibrations of viohn 

stnng, 252 
Hoole’s Law 16 
Hughes’s microphone, 221 
Hnnning’s transmitter, 222 

Intensity of sound, variation with 
distance, 69, near interfering 
sources, 115, absolute measure- 
ments of, 211 

Interference, meanmg of the term, 
109 

near two sources, 115 

shewn by branch^ tube, 116 , 

by tunmg fort, 117 , by Seebeck’s 
tube, 118 , near fog signal, 120 
Interv^, 8 

, measurement of, 9 

, consonant, 9 

, sum of, 10 

, difference of, 10 

, definition of, 239 


Intervals See alto Consonant in- 
tervals 

Inversions of triads, 235 
Isochronism, 19 

Isothermal coefficient of elasticity 
82 

Ealeidopbone, 185 
bugle, 266 

Eohlrausdi, on sensation of pitch, 
203 

E5mg’s manometnc capsule, 171 
Erakatoa eruption, 206 
Eundt’s method of measuring velo- 
city of sound, 209 

Laplace’s correction of Eewton s 
^culation of the velocity of 
sound, 82 
Leadmg note, 244 
Limits of audibility, 7 

of elasticity, 13 

Lmeardimensions,relation topitch, 
194 

Lissajous’ figures, 32, optical 
method of produemg, 34, pro- 
duced by kaleidophone, 186, 
used for measuring differences of 
frequency, 202 

Longitudinal vibrations of air par- 
tides, 60 

Longitudinal waves 57, illustrated - 
by spiral sprmg, 58, properties 
of, 61, 64, condensation in, 62, 
shewn by Crova’s disc, 65, 
velocity of, 79, superposition 
of, 109 

Loudness of sound, 5 

Manometnc capsule, 171 
Mayer, on comparison of mtensities, 
214 

Mean tone temperament, 246 
Mediant, 244 
Melde’s expenment, 142 
Membranes, vibrations of, 193 
Microphone, 221 
Mixture stops, 242 
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Modulation, 244 
Monochord described, 51 

, resonance shown by, 181 

used for uicoBUring pitch, 198 

I^Iouth of organ pipe, action of, 165 
Musical box, 186 
Musical echo from palings, 97 
Musical instruments, described, 
250 , qualities of notes of, 103 
Musical notes, ohamctcristics of, 
3, 5 

Natural modes of nbration, 153, 
see aUo Overtones 
Newton’s calculation of velocity of 
sound, 81, Laplace’s correction 
of, 82 

Nodes defined, 49 
Noise, 3 

Nomenclature of stationary vibra- 
tions, 49 

of complex notes, 153 

Non harmonic force, effect in pro 
ducing vibrations, 129, 158 
Non harmonic waves, 89 
Note defined, 153 

Ocarina, 241, 259 
Ohm’s Law, 125, 147 
Open end of tube, reflection at, 
75, correction for, 78, 167, 173 
Open organ pipe, period of, 166, 
overtones of, 168 
Ophicleide, 266 

Organ pipes, flue, 165, reed, 176, 
amplitude of vibration of air in, 
218 

, Overtones, defined, 55 

of strings, 56 

, harmonic and inharmonic. 

153 

of or&vn pipes, 167 

of rods, 182 

of tuning forks, 187 

of plates, 189 

of bells, 192 

‘ of olannet, 260 

of hautboy, 262 


Overtones of brass instruments, 264 

Fartials, defined, 56 
Periodic cuncs, 149 
Personal equation, 205 
Phase, defined, 25 

of forced vibrations, 139 

, effect on qualit} , 169 

Phonograph, described, 216 

used to test vowel theories, 

218 

Pianoforte, 250 
Pipes of variable bore, 76 

, velocity of sound in, 207 

, nee aUo Organ pipes 

Pitch, measured by frequency, 6 

notation, 11 

of note giv en out fiom moving 

source, 104 

of note heard by moving 

listener, 105 

, dependence on dimensions of 

sounding body, 194 

, measurement by siren, 196, 

b> monochord, 108, by gmphic 
method, 199 , by tonometer, 200 

, sensation of, 203 

, standards of, 263 

Plano waves, constancy of intensity 
of, 69 

Plates, vibrations of, 180 
Potential onorgj of defonned body, 
18 

Proper modes of vibration, 153 
Pure tones, consonance of, 225, 
227 

Quality, characterized by wave form, 
12 

■, meaning of the term, 145 

, Helmholtz’s theory of, 154 

, dependence on phase of 

constituents, 159 

Patio of specific heats, 84, deter 
mined by Kundt’s method, 211 
Payleigh, on correction for open 
end, 178 
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Bajleigh, on absolute measurement 
of intensify, 211 

, on comparison of intensities, 

214 

Beciprocal firing, 204 
Beed pipes, 176 

, method of tuning, 179 

Beeds, free and beahng, 177 

, effect on pitch.of pipes, 178 

Beflechon of imres at end of stnng, 
45 

of -maies at closed end of 

pipe, 69 

of waves at open end of pipe, 

75 

atsurfoee of changingdensify, 

77 

of sphencal ivaves, 90 

— — of sound by spherical mirroTB, 
93 

, total internal, 99 

Befraction, 99 

Begnanlt, on measnrement of sound 
m open ait, 205, in pipes, 207 
Besonance, 128 

, effect of mistunmg on, 137 

Besonance boz of forh, 136 
Besonant vibrations, of pendulum, 
128, instances of, 130, sheivn 
by monochord, 131 
Besonators, Helmholtz’s, 131 

, nature of iibrations, 132 

, pitch of, 133 

, conduchvitr of month of. 

134 ’ 

with several mon&s, 133 

Bestitution forces, 17 

Bods, longitudmal vibrations of, 181 

, transverse vibrations of, 183 

Biicler and Edser, on combination 
tones, 126 

Savart’s toothed wheel, 6 
Sazbom, 272 
Saxophone, 261 
Scheiblcr’s tonometer, 200 
SeebecL’s tube, 118, 208 
Sensitive flame, 94 


Simple harmomo vibrations, 21, 
geometneal illustration of, 22, 
period of, 23 
Sine curve, 23 
Slide of trombone, 267 
Sound, simpler properties of, 1 

vibrations snpeiposed on 

molecular motions, 63 

propagated at right angles to 

wave-front, 68 

images, 92 

sbadows, 102 

Soundboard of mnSicalinstnunents, 
140 

Spealer key, 260 
Speech, 160 

Spheru^ waves, general desenptaon 
of, 67 , variation of intensify with 
distance, 69, superposition of, 118 
Spiral spring, law of stretching 
of, 13; illnstrating longitndiniu 
waves, 68, lUnstratmg overtones 
of pipes, 170 
Standards of pitch, 263 
Stationary vibrations, of stnng, 48, 
experimental demonstration of, 
49, 97, nomenclature, 49, in 
closed tube, 70, properties of, 
72, compared with progressive 
waves, 76, m open tube, 77, 
effect on ear. 111 
Stretched stnng, waves on, 41, 
velocity of -waves on, 42, super- 
position of waves on, 44, 47, 
frequency of, 60 , laws of vibra- 
tion of, 61 , experimental test of 
laws, 62, nodes on, 54; effect 
of imperfect flexibility, 56 
Snbmediant, 244 

Superposition of waves on string, 
44, 47, 

of trams of waves, 109 

o* obhgue trams of waves, 

of sphencal waves, 113 

- — » hnnts of law of, 124 
Snpertonic, 244 

Synthesis of complex notes, 158 
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Telephone, 218 
Temperament, 246 

, mean tone, 246 

, equal, 247 

Temperature, eSect on velocity of 
sound, 86 

, effect on direction of pro 

pagation, 101 

, effect on organ pipes, 179 

, effect on pim of brass 

instruments, 272 

Threlfall and Adair, on \elooity of 
sound in water, 207 
Tone, defimtion of, 1S8 
Tonic relationship, 241 
Tonometer, 200 

Topler and Boltzmann, on ampli 
tude of vibration of air, 218 
Total internal reflection of sound, 
99 

Transmitter, 222 

, Transverse waves, 85 , velocity of, 
* 87, 42, equation of, 40, on a 
string, 41 , superposition of, 44, 
47, not possible m a gas, 57 
Triads See Consonant Tnnds 
Triangle, 188 
Trombone, 266 
Trumpet, 270 
Tuba, 272 

Tube, reflection at closed end, 69 

, reflection at open end, 75 

of variable bore, 76 

Tuning an elastic body, 24 

flue pipes, 172 

reed pipes, 179 

wood wind, 262 

brass mstruments, 272 

drums 278 

Tuning fork, on resonance box, 186 

, electncally maintamed, 155 

, general description, 187 

, effect of temperature on, 187 

- — , overtones of, 187 
Tao adjacent sources of sound, 113 


Valves of brass instruments, 268, 
defects of, 269 

Velocity of particles, relation to 
displacement, 27 

Velocity of sound, nearly inde 
pendent of amplitude, 85 , inde- 
pendent of pitch and pressure, 
85 , in different gases, 85 , effect 
of temperature, 86, m mixtures 
of gases, 87 , m liquids, 88, 206, 

207 , m solids, 88 , in open air, 
204, at high altitudes, 206, m 
pipes, 207 

Velocity of sound measured, by 
echo, 93, by resonance tube, 

208, by Seebeck's tube, 208, by 
organ pipes, 209, by Kundt’s 
tube, 209 

Velocity of transierse waves, 37, 
relation between velocity and 
wave length, 88 

Velocity of elastic waves of any 
type, 81 

Ventral segment, defined, 49 
Vibration microscope, 252 
Vibrations See Elastic vibrations 
Violin, 252 

, motion of strmg of, 254 

, action of bow, 254 

, quality of, 265 

Viscous liquids, 14 
Vocal organs, 161 
Vowels, 160 

Vowel theories, 162, 218 
Wave front, 67 

Waves SeeLongitudmal waves and 
Transverse waves 
Wheatstone’s kaleidophone, 186 
Whispering gallery, 96 
Wmd, effect on direction of pro 
pagation of sound, 100 

, effect on pitch, 107 

— , effect on velocity measure 
ment in open air, 204 
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